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Abstract
The response of nanocomposites towards electromagnetic (EM) radiation can be tai-
lored through the electrical conductivity, permittivity and magnetic permeability. Sev-
eral composites with singular microstructures and containing either conductive nanoin-
clusions, magnetic nanoparticles or the combination of both, have been prepared and
characterized. The performance of our materials as EM interference (EMI) shields,
has been determined from 1 to 18 GHz and elucidated in terms of their electric and
magnetic behavior.
Cu −Ni ferrite nanoparticles with varying stoichiometry were synthesized inside the
pores of micro-silica particles. This inusulating, multiscale reinforcement was used
to prepare epoxy composites. The EMI shielding performance of these materials was
studied in order to determine the specific role of the magnetic nanoinclusions.
The combined effect of magnetism and conductivity in EMI blocking was studied
in composites containing magnetite nanoparticles and carbon nanofibers (CNFs) or
carbon nanotubes (CNTs). These latter were assembled into three-dimensional ar-
chitectures (CNT-scaffolds and CNT-sponges) to study the interconnectivity between
CNTs with regard to EMI shielding. In CNT-scaffolds, nanotubes were post-assembled
with a polymeric binder. These structures showed that the conductivity and shield-
ing ability could be up-shifted without increasing the reflectivity, since good CNT-
interconnectivity is achieved at low nanotube loads. In CNT-sponges, it was observed
that enhanced contact between nanotubes further improves EM blocking within the
entire frequency range.
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Resumen
En este trabajo se han preparado y caracterizado materiales compuestos con nanopart´ı-
culas magne´ticas y nanocarbonos con el fin de estudiar sus propiedades como apan-
tallantes electromagne´ticos en el rango de 1 a 18 GHz.
Se sintetizaron nanopart´ıculas de ferrita con diferentes composiciones de Cu y Ni,
usando como molde los poros de micropart´ıculas de s´ılice mesoporosa. Los materiales
h´ıbridos de s´ılice-ferrita se incorporaron homoge´neamente en una matriz epox´ıdica para
estudiar el efecto de la carga magne´tica en la eficiencia de apantallamiento.
El rol de la conductividad en s´ı, y bajo la influencia de magnetismo, se evaluo´ en
sistemas con nanotubos (CNTs) y nanofibras (CNFs) de carbono. Las CNFs se combi-
naron con nanopart´ıculas de magnetita y fueron incorporadas en una matriz epoxi. Las
propiedades electromagne´ticas se estudiaron y se contrastaron con las de materiales
ana´logos sin nanopart´ıculas de magnetita. Con respecto a los CNTs, se prepararon dos
tipos de estructuras tridimensionales: esponjas y aerogeles de CNTs. Los aerogeles se
infiltraron con una resina y el alto apantallamiento electromagne´tico resultante sugiere
que es posible favorecer la interconectividad entre CNTs formando redes segregadas
del nanorefuerzo en la matriz. Este control de la nanoarquitectura, a su vez favorece
la absorcio´n de la radiacio´n electromagne´tica incidente sin que en la superficie de los
materiales, por el hecho de ser conductores, predomine la reflexio´n. Con las esponjas
de CNTs, se pudo corroborar el efecto positivo de la interconectividad en el apan-
tallamiento. En estas estructuras, los CNTs se encuentran muy cerca unos de otros
y entre ellos no existen barreras polime´ricas aislantes. Estos materiales ultraligeros
presentaron una alta capacidad de apantallamiento en todo el rango de frecuencia
estudiado.
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Electromagnetic interference reduction:
Suitable materials and procedures

Chapter 1. Introduction & objectives
Introduction & objectives
1.1 Introduction to EMI and challenges for
nontraditional shielding materials
Electromagnetic interferences (EMI) occur when EM signals are unintentionally trans-
mitted by radiation and/or conduction, causing electrically operated elements to be-
have improperly [1]. A good example to illustrate the combination of both interference
mechanisms is a power cord from a device connected to domestic electric supply (AC
current) [2], intended to provide 50-60 Hz but in which higher frequency signals are
also present. High-frequency signals can radiate out from the power cord as they
are conducted. Alongside, the cord can behave as an antenna, picking up external
radiation and transferring the outward signals to the circuit elements of the device.
EMIs affect all electrical and electronic devices which are increasingly becoming more
indispensable for the society.
Conduction coupling of EM signals is the primary path of interference in electronic
circuits and can be circumvented by the circuit design and through the use of frequency
filters or inductors. Radiation on the other hand, can be avoided by isolating the source
(or the receiver) with a physical shield. EMI shielding is thereby devoted to suppress
or attenuate EM radiation from emitters with materials that are able to interact with
those signals.
Shields can disable an EM wave to penetrate into a certain space through reflection
and/or by an absorption-dissipation process [3]. Conventionally, conductive metallic
panes and meshes are used for isolating spaces or devices by reflecting the radiation.
The concept of pure reflection shielding can be associated to Faraday cages, where
the inside space is totally inaccessible to external electric fields. Shielding through
absorption instead, is normally related to materials that are magnetically permeable
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(ferro and ferrimagnetic materials). Magnetic absorbers prevent the incident magnetic
field to propagate in other spaces by concentrating the field within themselves. In
the case of metallic conductors, their heaviness, lack of flexibility and high costs of
processing, are the main disadvantages. In addition, ferro and ferrimagnetic materials
have an intrinsic cut-off frequency, normally below or not far from the low-GHz range,
which restricts their use for GHz-shielding applications.
One of the present needs is thus to find broad-band shields, able to neutralize EM
radiation not only among the MHz band, but up to the GHz range. This requirement
arises from the fast development of electronics, which has led to microprocessors with
greatly enhanced data transfer speeds that operate at higher frequencies. Furthermore,
the miniaturization of such components demands high performance and lightweight
materials for its manufacture. Apart from the proper electronic and electric circuitry
performance, there is also an ever-growing awareness of the society to high-frequency
EM pollution and its effects on human health [4].
The concern of EMI pollution is not restricted only to consumer electronic products.
Due to the wide impact of telecommunications, several economically heavy industrial
sectors are likewise eager on the progress of EMI shielding materials. These techno-
logical fields demand not only efficient shields, but also materials that meet specific
criteria for each engineered design. For example, chemical and corrosion resistance,
lightweight, flexibility, tunable morphology, processing easiness, and inexpensiveness
are requirements that materials must fulfill in order to be applicable in flexible elec-
tronics (e.g. personal computers and mobile phones) or in aerospace (e.g. satellite
and aircraft’s manufacture) and automotive (e.g. integrated circuits) industries [5].
Another priority is the development of radar-absorbing materials for military stealth.
Much effort has been made in this direction although total absorption of EM energy
is still challenging because one needs to simultaneously minimize reflection in order to
maximize absorption [6].
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1.2 Design solutions: Polymer composites with
carbonaceous and magnetic inclusions
Polymers offer several advantages over traditional metals and ceramics used for EMI
shielding. They can be easily shaped into a wide variety of morphologies and are
substantially lighter. Although polymers are per se electromagnetically transparent,
different strategies are available to convert them into active EM shields.
To block magnetic fields, magnetically permeable particles such as spinel ferrites or
ion-nickel alloys can be combined with polymers [7]. In addition to weight reduction,
the incorporation of nanoparticles of these magnetic materials might enable to sur-
pass their intrinsic cut-off frequency [8,9]. This can be traduced in broader band EMI
shielding. Thereby, a fair amount of research is currently focused on the produc-
tion of magnetic nanoparticles for the preparation of efficient shielding composites [10].
Moreover, interactions of magnetic nanoparticles with high-frequency EM fields are
still not adequately understood and additional basic knowledge is needed to promote
developments in this technological field.
Intrinsically conductive polymers (ICPs) and polymer composites with conductive par-
ticles are the preferred alternatives to shield radiated electric fields. These materials
shield mainly by reflecting the incident EM radiation. Thus if the conductivity of the
composites is low, so will be their ability to block of EM energy. Polypyrrole and
polyaniline are the most frequently employed ICPs. They have been mixed with non-
conductive polyester fibers [11] and polyvinyl chloride [12], polyurethane [13], polystyrene
or Poly(methyl methacrylate) [14] matrices. In all these examples the non-conductive
polymer is used to assure the mechanical integrity of the mixture, because ICPs are
normally brittle. The drawback in most cases is the high load of ICP that is needed to
attain high conductivities, which is detrimental for the processability of the blends [15].
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In the case of composites with conductive inclusions, the two main alternatives are
metallic and carbonaceous particles. For both options, it has been reported that EM
shielding is enhanced with electrical conductivity [3]. Therefore, the tendency of using
high aspect ratio particles has grown rapidly. Metallic particles of Ni [16], Ag [17] or
Cu [18] and Al flakes [19], were first extensively incorporated in polymers such as poly-
imidesiloxane, polyurethane resins or polyethersulfone. Next, epoxies and thermoplas-
tics loaded with higher aspect ratio conductive stainless steel fibers [20] or metallized
glass [21], polyester [22] and carbon fibers [23] shifted the attention away from particles.
And more recently flexible polymeric composites loaded with copper [24,25] or silver [26]
nanowires have been reported. However, purely metallic particles are prone to corro-
sion, and in addition, it is difficult to obtain good dispersions with their incorporation
into polymers. Carbonaceous particles in contrast, have gained increasing attention
since they are chemically resistant, lightweight and are more compatible with polymers.
Graphite, carbon black and carbon fibers were the first to be combined with poly-
mers for the fabrication of EMI shields [3,27,28]. The attention increasingly changed
to nanocarbons since more conductive composites can be obtained with lower weight
fractions of nanocarbons. In addition, to enable the entire cross-section of a filler to
be active in shielding, the dimensions of the conductive filler should be comparable
to, or be less than the rate of penetration of the incident radiation [29]. This rate of
penetration is usually very small for good conductors at high frequencies. Thereby,
nanodimensional carbon fillers could be adequate to shield in the GHz range.
In this context, carbon nanofibers, nanotubes and graphene, which have higher specific
surface area and aspect ratio than their microscale analogues, are promising candidates
for the preparation of efficient EMI shielding composites. Despite having been stud-
ied expansively in recent years, several factors affecting the performance of nanocar-
bon/polymer composites as high-frequency EM shields remain unexplored or not com-
pletely understood. Indeed, there are few reported reviews on the use of nanocarbons
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for EMI shielding [30–33], which point out the need of new and reproducible experimen-
tal data that can facilitate the construction of realistic models.
The morphology of nanocomposites can be tailored through different strategies (e.g.
spatial distribution of the nanophase, porosity of the matrix, assembly into complex
macroscopic configurations), which opens a wide research field. Besides, the unique
chemical nature of nanocarbons allows for their combination with a variety of species,
which in turn permits the modification of the EM properties of composites. Partic-
ularly, hybrids including magnetic nanoparticles and nanocarbons might enhance the
EM absorption ability of composites [31,34–38]. Thus, understanding these interactions
is a key factor for the development of lightweight and high-performance EM absorbing
materials.
1.3 Shielding efficiency: Reflection/absorption terms
and their relationship with permeability and
permittivity
Figure 1.1 illustrates the possible interactions of EM waves with matter. When the
wave reaches the front-face of the material (input surface), part of the incident power
is reflected. Alongside, the non-reflected power is transmitted into the sample. As the
wave passes through, it can be absorbed and dissipated or transmitted out from slab.
Through this basic reflection and transmission concepts, it is possible to define the total
shielding efficiency (SET ). This parameter measures how well a material impedes EM
energy of a certain frequency to pass through it. SE relates the incident EM energy
to the transmitted one as:
SET = 10 log
PI
PT
= 20 log
EI
ET
= 20 log
HI
HT
(1.1)
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Figure 1.1: a) Possible reflection PR and absorption PA mechanisms of attenuation
of the incident EM power PI when it strikes a finite-dimensional media
[39]. Sources
of reflection (input and output interfaces, Rin and Rout) in electromagnetically thin
(b) [40] and electromagnetically thick slabs (c) [25]
where SET is a logarithmic ratio, and therefore is given in decibels (dB); subscripts T
and I respectively represent the transmitted and incident components and P, E and
H refer to power and electric or magnetic field intensities respectively.
Taking into account that shields will either reflect or absorb (Figure 1.1) striking EM
waves, the global SE (SET ) can be rewritten as
[41]:
SET = 10 log
PI
PT
= SER + SEA (1.2)
SER = 10 log
PI
PI − PR (1.3)
SEA = 10 log
PI − PR
PT
(1.4)
where SEA refers to shielding due to absorption and SER due to net reflection. Note
that the term net involves the contributions of secondary reflections (output interface,
Figure 1.1a and b) that occur in finite-dimensional media. These additional reflections
are termed multiple reflections and their negative or positive contribution to global
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shielding (SEMR) can be neglected when the thickness of the shield is greater than
depth of penetration of the wave (δ) or when SEA is higher than 10 dB
[42] (Figure 1.1c).
The depth of penetration, or the skin depth (δ), is defined as the thickness under-
neath the external surface at which the incident field is attenuated to 1/e of its initial
value. This is equivalent to a power decay of about 9 dB (20 log(1/e)) within one
skin depth [41,43,44]. For conductive materials, a 63.2% of the current flows within this
superficial cross-section and 99% of the current flows within ∼4.6 skin depths.For elec-
tromagnetically thick monolithic shields (Figure 1.1c, when SEMR can be ignored)
SER can be expressed in terms of the impedance ratio between free space (Z0) and
the surface of the material (Zin); and SEA as a function the shield thickness (d) and
its skin depth (δ) by: [1]
SER + SEA = 20 log
Z0
4Zin
+ 20 log e
d
δ = SET (1.5)
where Z0 = 377Ω for a plane EM wave (far field). Thereby, reflection of the wave
inherently occurs due to the impedance discontinuity that it encounters when striking
a medium with different impedance than air. In contrast, absorption requires the
existence of magnetic and/or electric dipoles that enable the interaction of the material
with the incident EM energy. It can be seen that the extent at which absorption occurs
depends upon the depth of penetration (δ) of the wave and the ability of the material to
dissipate the field within its thickness (d). δ decreases with frequency (f), conductivity
(σ) and permeability () as shown by:
δ = (pifσµ)
−1
2 (1.6)
For conductive monolithic shields SER and SEA can therefore be rewritten in terms
of σ and δ as [1,45]:
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SER = 20 log
Z0
4Zin
= 39.5 + 10 log
σ
2pifµ
(1.7)
SEA = 20 log e
d
σ = 8.7
d
δ
= 8.7d
√
pifµσ (1.8)
where it can be seen that the reflection SE depends solely on σ/µ, while the absorption
term is a function of µ · σ and the sample thickness. This explains why non-magnetic
metals (very low impedance) are prone to shield mainly by reflection while in magneti-
cally permeable shields, even if they are conductive, SE is mostly related to attenuation
rather than to reflection.
However the situation is quite different in composites. Although the above equations
allow to qualitatively describe the tendency of SER and SEA with frequency, conduc-
tivity and permeability, composites have a highly heterogeneous microstructure that
is responsible for great variations in the local fields [31]. Here the nano and micro-
scopic boundaries act as polarization sites, which generate the lag of the displacement
current with respect to the conduction current. This is represented by the effective
permittivity () of the composite, in replacement of the conductivity of bulk metals1.
Thus, both  and µ would define how electric and magnetic fields interact with com-
posite shields. These magnitudes are described by an imaginary component (′′ or µ′′)
related to the loss of energy and a real component (′ or µ′′), which gives information
about the stored EM energy [47]. In composites, since the matrix and the inclusions
have very dissimilar electrical and magnetic properties, their bulk  and µ are respec-
tively referred to as effective permittivity and permeability. These effective properties
depend on the complex association of  and µ of each constituent, as well as on their
volume fraction, geometry and conductivity [48,49].
1Permittivity represents the ratio of displacement current to conduction current, which in metals
is small. Metals are not able to support the formation of an electric field within themselves, as the
electric field ( ~E) is equal to the product of conductivity (σ) and electric flux ( ~J), which implies that
for infinite conductivity, the electric field tends to be null [46].
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In the case of magnetic inclusions, for EMI suppression it is thus beneficial to avoid
high conductivities, to limit front-face reflection, and have a high effective permeability.
In such situation, the material will be receptive to the magnetic field (high µ′) and at
the same time will be able to dissipate it (high µ′′).
For composites with conductive inclusions such as nanocarbons, desired effective per-
mittivity values will strongly depend on the final application. In a general way, com-
posites with higher global SE are obtained whenever the conductivity is enhanced.
Conductivity increases with the fraction of nanocarbons in the matrix. The imaginary
part of the permittivity, which represents the loss of energy (′′) and is related to ohmic
and dielectric losses indistinctly [50], follows the same trend. Accordingly, increasing
the fraction of nanocarbons in the matrix enhances the number of interfaces prone to
polarization and therefore ′ increases as well. In such situation, reflection and absorp-
tion might be enhanced simultaneously, because both paths of EMI suppression are
governed by the electrical conductivity of the shield (SEA ∝ σ · µ and SER ∝ σ/µ).
Owing to this counter effect, for applications such as radar absorbing materials it is
necessary to adjust the composites effective permittivity to certain values by which
reflection can be minimized. This might be done for example, by adjusting the fillers
weight fraction to the most optimum value, by adding a magnetically permeable com-
ponent or by selecting low dielectric constant (′) matrices. These strategies therefore
permit to tune the composites reflectivity/absorptivity against EM waves, which is an
added advantage over traditional bulk metals that are mostly limited to reflection.
1.4 Magnetic Nanocomposites
1.4.1 Magnetic nanoinclusions: size effects in permeability
The requisite for GHz magnetic shielding is that the material conserves its magnetic
permeability value at this frequency range. The frequency of magnetic resonance (fr)
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represents the cut-off frequency of magnetic materials, since it is the value at which
the permeability sharply vanishes. Both magnitudes (µ and fr) are related to the
saturation magnetization (Ms) by the Snoek’s limit, fr(µr− 1) ∝MS [8]. Therefore, to
obtain non-null values of µ at high fr, a high Ms would also be necessary.
Ferromagnetic metals and alloys (Fe, Ni, Co) have high Ms and specific combinations
do have a great permeability. Nevertheless, due to their highly conductive nature [51],
eddy current losses2 provoke permeability to drop at lower frequencies than expected
(50 KHz-10 MHz). Ferrites in contrast, are semiconducting and their electrical re-
sistance is several orders of magnitude higher than that of ferromagnetic metals and
alloys. The primary drawback in this case is that their Ms is significantly lower and
thereby, the fr lays below few GHz. Both situations limit the use of most of these
magnetic materials in their bulk form for EMI absorption in the GHz range.
Nonetheless, when the dimension of magnetic particles is below a critical small size,
eddy current loses become negligible and the anisotropy energy has additional effects
of size and surface [54,55]. These effects become predominant due to the breaking of
a large number of exchange bonds [56]. Changes in the anisotropy energy lead to the
modification of the spin relaxation time/frequency when the particle size/surface is
varied. In this context, the dispersion of permeability in composites loaded with mag-
netic nanoparticles is governed by relaxation mechanisms rather than by the intrinsic
resonance observed in bulk magnets [57]. According to the relaxation theory of magnetic
moments, permeability can be thus maintained at a constant value until relaxation [58].
For fine nanoparticles, relaxation would coincide with the transition from a superpara-
magnetic to a ferromagnetic state. In superparamagnetic nanoparticles the magnetic
spin fluctuates very rapidly and accordingly, relaxation is expected to occur at high
frequencies (GHz).
2Eddy currents are closed loops of induced current that generate within conductors when subjected
to changing magnetic fields [52]. These currents create magnetic fields that oppose to the source field,
causing the skin effect on conductors carrying AC-current [53]. Eddy currents might provoke low-
frequency shifts of the EM loss peak in ferromagnetic materials [7].
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Small size effects have been observed in carbon-coated Ni nanocapsules in which re-
laxation occurred at 5.5 GHz thus, surpassing the value of the bulk material (several
tens of MHz) [59] in the same maner than in (Fe, Ni)/C nanocapsules [60]. Furthermore,
superparamagnetic relaxation exceeding the natural resonance frequency has been pre-
dicted for systems of Fe nanoparticles [61] and experimentally corroborated for compos-
ites with 9 nm magnetite nanoparticles [62]. More recently, further anisotropy effects
have been reported for ferromagnetic nanocomposites loaded with Fe-Co nanoparti-
cles [63]. These particles were assembled into a uniaxial structure by applying an ex-
ternal magnetic field during polymerization of styrene. Composites showed magnetic
anisotropy along the magnetization direction and the frequency of superparamagnetic
resonance was seen to occur at 6.8 GHz, which was higher than that of composites
prepared without any uniaxial anisotropy.
However, to be able to use magnetic nanoparticles in the preparation of efficient mag-
netic composites, parameters such as the physical contact between particles should
also be controlled. Contacts can be viewed as dipole-dipole interactions that would
obstruct the spin fluctuation [64] and would frustrate the effect of the small size of
nanoparticles in the enhancement of the frequency of relaxation. Therefore, both the
size and shape of the nanoparticles, and their aggregation within the matrix, should
be carefully considered when designing magnetic composites for GHz-EMI absorption.
1.4.2 Advances in magnetic composites for EMI absorption:
dispersion and nanoparticle size control
The synthesis of size-controlled magnetic nanoparticles within polymer matrixes may
be accomplished either by in-situ polymerization during particle formation [65,66] or
by dispersing preformed magnetic nanoparticles in the polymer matrix. In this latter
case, many routes for synthesizing size-controlled particles involve the use of capping
agents [67], precipitation in reverse microemulsions [68], or sol-gel processing [69] to avoid
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their coalescence and further growth. Nevertheless, since geometry is also impor-
tant, other methods that allow the synthesis of shape-controlled particles are being
explored [67]. Nanocasting is a useful technique that involves using a template (either
soft or hard), which is impregnated by liquid precursors of the particles [70]. Finally,
homogeneously dispersed nanoparticles within the template are obtained as the nega-
tive image of the tamplate. Silica is one the most widely used hard templates, since
its geometry is stable and can be obtained with different pore shapes and sizes via
sol-gel [71]. Nanocasting using hard templates has been successfully employed for the
preparation of ferrites with several transition metals as Cu, Co, Ni, Pd, Zn [72–75].
Despite many years of research [76–79], it remains challenging to achieve good and repro-
ducible dispersions of nanoparticles in polymers [80,81]. In this context, surface modifi-
cation is an alternative to avoid agglomeration. This method is expected to improve
nanoparticle-polymer interactions either through weak Van der Waals forces or strong
chemical bonds [82,83]. Silica coated magnetic nanoparticles have also been proposed
as an alternative to increase compatibility and to avoid oxidation [84,85]. In addition,
enhanced EMI absorption of such core-shell type structures has been reported [86,87].
Owing to the dielectric nature of the shells, in composites with SiO2-coated Fe3O4
nanoparticles [88], Al2O3-coated FeNi3 nanoparticles
[51], Fe nanoflakes coated with
SiO2
[89], ZnO-coated Fe nanocapsules [90], or Co/graphite nanoparticles [91], enhanced
interfacial polarization contributions and a better impedance matching has been ob-
served.
Incorporation of magnetic nanoparticles within micron-sized mesoporous silica can also
be found in literature as an alternative to facilitate the dispersion of the particles in
epoxy resins [92]. This type of combination can enhance other properties of the ma-
trix, as it has been described that pristine porous micron sized-silica improves the
mechanical performance (fracture toughness, modulus, and deformation at break) and
thermal stability [93,94]. When considering magnetically loaded polymer composites
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for EMI shielding, it is well established that electromagnetic absorbers dissipate elec-
tromagnetic energy into heat. Therefore, materials which combine enhanced thermal
stability, magnetic activity and lightweight, could be prospective candidates for this
application.
1.5 Composites with nanocarbons
1.5.1 Shielding with nanocarbons
Although many studies do not separately report absorption and reflection contribu-
tions to the global SE, the general trend for composites with different carbonaceous
nanoinclusions [31,32,95,96] is that SE is enhanced with electrical conductivity. Conse-
quently, their SE depends on the nanofiller weight percentage as well as on its aspect
ratio [97]. Hence, it has been reported that values of SE around 20 dB (desired value for
most emerging applications) could be reached with 15 wt% of carbon black (CB), 5-
10 wt% carbon nanofibres (CNF) and only 2-3wt% of multi-walled carbon nanotubes
(MWCNTs) [43]. Moreover, due to its high electrical conductivity and high specific
surface area, chemically derived graphene has also been included to the list of carbon
nanofillers for EMI shielding applications [98–101]. For example, the SE of a CVD-grown
graphene monolayer has shown a value of 2.27 dB, which corresponds to seven times
the SE value of gold films with the same thickness [102].
Since the electrical conductivity of the composites depends on the dispersion degree
of the nano-conductive filler, SE values above 20 dB have been achieved with high
filler loadings (e.g. 20wt%), a fact that is neither economically desirable nor viable for
processing. There are only few published works in which this target SE value has been
attained with low loads (2-3wt% of MWCNTs) [43]. In most cases, reasonable SE values
have only been achieved with loadings up to 20 wt% of single-walled CNTs [103–105],
5 and 10 wt% of MWCNTs [106] or 15 wt% of chemically derived graphene [100]. It
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is worth emphasizing that high filler loadings are not suitable because the desired
weight-reduction of the composites increases and high filler loads could induce un-
wanted particle agglomeration that significantly reduces the efficiency of the filler. It
is therefore necessary to avoid high filler loadings and use alternative processes that
ensure good filler dispersions and interconnectivity.
1.5.2 Dispersion of nanocarbons: advanced methodologies to attain
high conductivity at limited nanocarbon loads
Numerous proposals on how to transfer the unique axial properties of CNTs and
graphene to composites have been driven [107]. The benefits of good dispersions are
directly related to the bulk properties of composites, e.g. enhanced tensile strength or
high electrical and thermal conductivity at low percolation thresholds. Furthermore,
the EM properties of composites having embedded filler particles are not solely func-
tion of their intrinsic properties. Interparticle interactions, such as filler clustering or
polymer chain adsorption onto the filler surface, play an important role. Clustering,
or aggregation, for example is a main issue that has extreme influence in polarization
mechanisms and has been proven to alter the frequency dispersion of permittivity in
such composites [108].
As for other nanodimensional fillers, in-situ polymerization [109], surface functional-
ization [110] or combination with surfactants [111], have been pursued to enhance the
dispersion of nanocabons. Nevertheless, in most approaches disaggregation is done
with high-energy dispersion techniques that can reduce the aspect ratio of nanocar-
bons, while chemical functionalization might truncate the electronic conjugation of
graphitic structures. Both situations are detrimental for the electrical conductivity of
nanocarbons. In contrast, those methodologies that explore the formation of segre-
gated nanofiller networks [112] allow to elude the challenge of dispersing the nanofillers
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within large matrix volumes, e.g. double percolation concept [113] (Figure 1.2). Addi-
tionally, the preferential localization of the conductive filler within the matrix enables
an increase in the bulk conductivity of the composite at low fractions [114].
Figure 1.2: a) Double percolation found in materials were the filler is dispersed in a
polymer A not mixable with B, which therefore forms segregated networks within the
composite [115]. b) Segregated composites of graphene [116] and c) Cu-nanowires [117]
prepared through solvent-assisted segregation/precipitation and subsequent hot com-
presion molding (d) [118]
Having in mind that weight reduction is always beneficial, some materials that incorpo-
rate this concept are CNT and graphene polymeric aerogels, foams and scaffolds [119]
(Figure 1.3a, b and c). These materials are extremely lightweight and exhibit ul-
tralow percolation thresholds [118]. Examples include microcellular foams of graphene
(5 wt%) with electrical conductivities of 3.11 S/m and SE values of 15 dB [120], ultra
light MWCNT aerogels (>1 wt%) with electrical conductivities of ca. 3.2 S/m [117], or
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CNTs and CNFs polystyrene composite foams in which SE values of 19 dB and 9 dB
were achieved with loadings close to 7 wt% of CNTs and CNFs, respectively [115].
These porous structures can be infiltrated or impregnated with polymers to enhance
their mechanical performance (Figure 1.3d). Through polymer infusion, the conduc-
tive skeleton remains unaltered, thereby it is expected that composites attain high
electrical conductivities and SE values even for virtually low filler loads. Indeed,
very recently highly electrically conductive nanocomposites based on epoxy-infused
graphene sponges were reported. In comparison to the neat epoxy, these materials
showed an increase in conductivity of 12 orders of magnitude with graphene loads of
only 2 wt% [121].
Figure 1.3: Lightweight CNT structures prepared with polymer binder and CNT
dispersions: a) foams, b) scaffolds and c) aerogels. d) Illustrative scheme of the
process for preparing percolative composites with low fractions of reinforcement by
the infiltration of aerogels that are obtained by freeze-drying the preformed cryogels
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Beyond the double percolation concept are the pioneering macroscopic structures of
nanocarbons, which can be directly synthesized through CVD routes. Some examples
include highly conductive continuous CNT [122] fiber and CNT-sponges [123,124] (Fig-
ure 1.4). In these structures polymer binders do not limit the connectivity between
adjacent nanotubes, as in the case of aerogels foams and scaffolds, and in addition,
CNTs are forming highly interlinked networks within macroscopical volumes. Since
SE is favored by conductivity, it is expected that these structures present enhanced
EMI shielding performances.
Recently a template-assisted CVD route has been successfully employed to fabricate
graphene foams, without any polymer binder [125]. This graphene-based 3D intercon-
nected network has shown outstanding values of specific SE in the X-band (∼333
dBcm3/g) and electrical conductivities of about 100-120 S · cm−1. Conversely, the
procedure involves an additional polydimethylsiloxane impregnation step to mechan-
ically reinforce the porous structure; while the polymer does not interfere with the
connectivity of the conducting nanomaterial, it does increase the bulk density of the
foam.
It is therefore clear that the preassembling of nanoparticles into macroscopic architec-
tures enables obtaining composites with a well-defined spatial distribution of nanocon-
stituents. Since the properties of composites are directly linked to the interactions
between nanoparticles, the control of the nanophase’s microscopic distribution is es-
sential: The bulk characteristics of composites can be influenced by the modification
of the nanoarchitecture [128]. Additionally, the drawback of working with fine powders
of isolated nanoparticles can be avoided when they are assembled into easy to handle
macroscopic solids. The direct applicability of this kind of nanomaterials in diverse
technological fields is thereby enormously enhanced [129].
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Figure 1.4: a) Flexible and highly porous CNT-sponges directly prepared through
CVD [123], b) CNT-sponge infiltration with polymer for obtaining highly percolating
CNT-sponge composites [126] and c) flexible and bendable boron doped CNT sponges
in which the boron-induced entanglements and elbows are responsible of the spongy
character [127]
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1.5.3 Approaches to minimize reflection
One of the major goals in the development of conductive EMI shielding composites is to
limit reflection and enhance absorption. However, reflection occurs prior to absorption
and depends on the extent of non-reflected power at the material’s front-face. Perfect
transmission into the material or null reflection, is achieved when the surface impedance
of the shield equals the impedance of free space, which is practically impossible to
satisfy with monolayer shields. Methods to limit reflection are thus devoted to minimize
the mismatch of impedance that waves suffer when they strike conductive materials.
The intrinsic surface impedance of a given medium is related to its complex permittivity
and permeability as shown by:
Zin =
|E|
|H| =
√
j2pifµ
σ + j2pif
(1.9)
where j is the imaginary unit and denotes that µ and  are complex numbers, e.g.
µ = µ′ − jµ′′ and  = ′ − j′′. In composites both effective magnitudes are com-
plexly ascribed to the individual properties (geometry, size, conductivity) and volume
fractions of each constituent. Thus, in a very simplified view there are three possible
alternatives to lower the impedance mismatch: Increasing the effective permeability,
decreasing the conductivity or decreasing the effective permittivity. To increase the
effective permeability and counteract the electric loss, as carbons are intrinsically non-
magnetic, the only option is to combine them with magnetic particles. Decreasing the
conductivity of composites with conductive inclusions is detrimental for their shielding
performance, as SEA is increased with conductivity. In regard to the effective permit-
tivity as previously addressed, the imaginary part is related to ohmic and dielectric
losses, thus it is directly related to the conductivity of the composite. Therefore,
lowering its magnitude is also detrimental for EMI absorption. However, the effec-
tive permittivity has the contribution of the real part as well, which can be tuned to
compensate the ohmic losses of the imaginary part. This can be done by reaching
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adequate conductivities while limiting the fraction of nanocarbons and by compositing
the conductive filler with low dielectric constant matrices ( = 1− j0) such as air.
Therefore, foaming is a tentative approach to limit the weight of composite EMI shields
and also to decrease the impedance mismatch with striking plane EM waves [32]. In
this context, foams can show enhanced EM absorption (lower front-face reflection) and
also better heat dissipation of the absorbed energy, owing to their high volume fraction
of air. As reported for MWCNT/polycaprolactone systems [130], reflectivity of foams
containing low CNT volume fractions could be efficiently decreased in comparison
to solid composites having similar electrical conductivities. Foams presented lower
dielectric constants and thus a lower reflection at the input interface (Figure 1.5).
Furthermore, the proper dispersion of CNTs provided materials with conductivities
high enough to attenuate the incident EM waves by conductive dissipation (SE>80
dB) even at low loadings (<1 vol%).In addition to limited reflectivity, the enhancement
of SEA in these structures has been frequently attributed to favored re-reflection and
subsequent dissipation of the absorbed portion of the wave within the pores of the
material [131]. These findings suggest that porous structures of CNTs and graphene
could be promising candidates for the development of lightweight carbon-based EMI
absorbers.
Foamed materials are commonly used in anechoic chambers [133–135], where an entire
space is covered with EM absorbers to create a non-reflecting environment. For this
application, foamed absorbers are produced with pyramidal patterns (and also other
tapered geometries) in which reflection is limited further due to the graded surface
impedance (Figure 1.6a). The latter is also a key concept for the design of panels with
ranked impedance layers. In these shields, multiple layers with gradual increment of
permittivity are stuck to form a broader interface that boosts the wave propagation
within the structure. When the wave reaches the most active layer (the one with the
higher permittivity /conductivity), the probability of reflections escaping out form the
22
Chapter 1. Introduction & objectives
Figure 1.5: a) Dielectric constant (′, left) of CNT foamed and solid composites,
showing how the ′ magnitude decreases for foamed samples and how the reflectivity
(right) can be limited, in consistency with ′, when highly conductive foamed samples
are compared with solid ones having lower conductivities [130]; b) SEM image of these
CNT-foams [130]. c) Proposed attenuation mechanism of the incident wave through
multiple reflections within the pores of conductive foams [132]
multilayered structure is very low. Therefore, this configuration limits reflection and
enhances absorption.
Other multilayered shields are those that follow the concept of Sallisbury and Jau-
man [137] screens (Figure 1.6b). Here the multilayer is formed with various layers of
the same shield separated by a dielectric. The SE improvement is achieved by favoring
multiple reflections between and within consecutive active shielding layers. Although
multiple reflections positively contribute to net reflection, in this case the apparent
absorption dominates and SE by absorption is enhanced.
Some approaches that exploit these concepts in composites of CNTs and graphene
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Figure 1.6: a) Schematic transmission line approximation of tapered-impedance
pyramidal absorbers [136]. b) Resonant-like behavior of Jauman and Sallisbury
screens [32] c) Panels with ranked impedance layers of foamed CNT-polymer compos-
ites designed to minimize the front-face reflection of the most conductive composite
layer [32]
include: extremely broadband (8-40 GHz) CNT/polycarbonate flexible multilayered
shields [138]; graphene/paraffin sandwich structures [99] with shielding efficiencies up to
27 dB; or ultrathin shields made from graphene paper/paraffin/ethylene-vinyl-acetate
layers, showing shielding capabilities of up to 47.7 dB. Furthermore, Multilayered
CNT composites have been also foamed to obtain more lightweight and efficient EMI
absorbers. For example, the total reflection of polycaprolactone foams assembled into
a three-layer structure with 0.5, 1 and 2 wt% of CNTs, was decreased to ca. 5 dB
24
Chapter 1. Introduction & objectives
in comparison to the reflection that the 1 wt% CNT monolayer presented by itself
(Figure 1.6c).
Lastly, strategies that attribute a better impedance matching due to an added term
of magnetic permeability to composites with nanocarbons include: CNTs filled with
Fe-Ni [139], Fe-Co or Fe-Ni-Co nanowires [140]; CNTs filled with Ni [141] or Fe nanopar-
ticles and composited with ferrite microrods [142]; decoration of CNFs, CNTs and chem-
ically derived graphene with Magnetite [143–145], Co, Ni-Fe [146] and CoFe2O4
[147] fer-
rite nanoparticles; CNTs mixed with Fe/Co/Ni nanopowders [148]; CNF fibers mixed
with iron carbonyl particles, or the effect that is seen in unpurified CNTs with small
contents of residual Fe left from the catalyzer [36]. Although there are reports that
reflection values can be lowered by the presence of the small magnetic particles it is
still debated whether this reduction in reflection can be truly attributed to the effect
of the magnetic constituent [31].
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Objectives and motivation
This work has been principally focused on the preparation of efficient GHz-EMI shield-
ing composites with magnetic nanoparticles and nanocarbons. In light of this commit-
ment, we have explored the adjustment of the shielding performance of our composites
by affecting such parameters as their conductivity, electric permittivity and magnetic
permeability. Through this research project, we have therefore pursued to:
• Discern the individual role of magnetic and conductive nanoinclusions on the EMI
shielding behavior of composites.
• Evaluate the outcome of combining both conductive and magnetic inclusions on the
shielding properties of composites.
• Study the effects of increasing the conductivity of composites by means of increasing
the aspect ratio of the nanoiclusions and by favoring their interconnection within the
matrix.
• Control the macroscopic-scale distribution and the interconnectivity of the nanoin-
clusions in composites to limit the reflectivity while enhancing their absorption ability.
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Methods and characterization techniques
2.1 Synthesis procedures
2.1.1 Nanoferrite-filled silica micro particles and epoxy composites
Copper-nickel ferrite nanoparticles (Ni1−xCuxFe2O4) were synthesized via an impr-
egnation-calcination procedure using mesoporous silica gel as hard template (Aldrich
Ref. 288500, particle size: 2-25 µm and pore size: 60 A˚) and the resulting silica-ferrite
hybrid was dispersed in an epoxy resin (RTM-6). A general scheme of the method
is depicted in Figure 2.1, where it is seen the double scale dispersion control of the
process: the nanoscale dispersion of ferrite nanoparticles inside the silica microparticles
and the microscale dispersion of the hybrid silica-ferrite particles in the epoxy resin.
Nanoparticles were synthesized through the general casting procedure developed by
Fuertes et al. [1] Appropriate amounts of Fe(NO3)3 · 9H2O, Ni(NO3)2 · 6H2O and
Cu(NO3)2 · 2.5H2O (from Sigma Aldrich) were mixed to prepare Ni1−xCuxFe2O4
ferrites with the following stoichiometries: x = 0, 0.25, 0.5, 0.75 and 1.
The metallic nitrates were dissolved in 16 gr of ethanol and the resultant solution
was used to impregnate the silica gel. The wet nitrate-silica was dried at 90 ◦C
overnight and the impregnation-drying process was repeated in order to increase the
metal content inside the silica pores. The thermal decomposition of the nitrates was
carried out in an electric furnace, using N2 as inert atmosphere, for 4 h at 700 or 900
◦C using a 5 ◦C ·min−1 heating ramp.
Detemplation of Ni0.5Cu0.5Fe2O4 ferrite nanoparticles was done by stirring the fer-
rite/silica powders in a 2M NaOH solution for 24 h. The detemplated particles were
then dispersed in an NH4OH solution of pH=9-10, placed in an ultrasonic bath at
70-80 ◦C and oleic acid was added until pH 7 was reached. The oleic acid coated
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Figure 2.1: Synthesis of ferrite nanoparticles inside the pores of a mesoporous silica
hard template (top) and preparation of composites with a double-scale dispersion
control
nanoparticles were then rinsed several times with acetone and hot water to remove the
excess of oleic acid and the non-reacted metallic nitrates.
Composites were prepared using HexFlow r RTM-6 (supplied by Hexcel Corporation)
as the epoxy matrix. The nanoferrite-filled silica particles were added to the resin,
mechanically stirred for 15 min at 80-90 ◦C and degassed in vacuum. The mixtures
with different filler contents (10, 15, 20 and 25 wt%) were poured into pre-heated
silicone molds (120 ◦C) and cured 75 min at 160 ◦C followed by a post-curing step of
120 min at 180 ◦C.
2.1.2 Epoxy composites of pristine and magnetite-decorated CNFs
CNFs were kindly supplied by Grupo Antol´ın S.A. (Spain). Magnetite nanoparticles
were synthesized starting with FeCl2 · 4H2O, FeCl3 · 6H2O, NH4OH (28 vol%) and
oleic acid, which were purchased from Sigma-Aldrich and used without any further pu-
rification. The hydrogenated derivative of diglycidyl ether of bisphenol-A (HDGEBA)
epoxy resin was supplied by CVC Specialty Chemicals (USA); the epoxy equivalent
mass was 210g ·mol−1, as determined by acid titration. m-xylilenediamine (m-XDA,
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Sigma-Aldrich) was used as curing agent and tetrahydrofuran (THF, Sigma Aldrich)
was used to dilute the epoxy resin.
Oleic acid capped-magnetite nanoparticles (Mag), were prepared and characterized
as in previous works done in our laboratories [2]. In a typical experiment, 14.5 g of
FeCl3 · 6H2O and 5.37 g of FeCl2 ·4H2O were dissolved in 300 mL of deionized water
with the aid of an ultrasonic bath and mechanical stirring at 70-80 ◦C. Subsequently,
25 mL of a 25% NH4OH solution were rapidly injected. The mixture turned black
instantly, as a consequence of the precipitation of magnetite. Then 10 mL of oleic acid
was added to the suspension while stirring vigorously for 2 h. The black fine magnetite
precipitate was separated from the solution using a magnet and washed several times
with hot deionized water and acetone, to remove non reacted metallic salts and the
excess of oleic acid respectively, and dried in vacuum.
The preformed oleic acid-capped magnetite nanoparticles and the CNFs were sepa-
rately dispersed in heptane by sonication and mechanical stirring, then mixed (1:1
mass ratio) and further sonicated for 10 min to ensure the adsorption of magnetite
over the CNFs. Modified nanofibres were removed from the dispersion using a mag-
net leaving a completely clear and transparent supernatant, which corroborates the
complete adsorption of magnetite onto the CNFs. The precipitate was finally dried in
vacuum.
Three different composites were prepared: epoxy-Mag, epoxy-CNF, and epoxy-CNF/
Mag. The amount of CNFs or magnetite in the two former composites was: 1, 2.5, 5
and 10 wt%. The amount of CNF/Mag was selected to give an equivalent total amount
of Mag or CNFs with respect to the epoxy/magnetite and the epoxy/CNF composites:
2.5, 5, 10 and 20 wt%; for example, the 10 wt% CNF/Mag composite contains 5 wt%
of magnetite and 5wt% of CNFs. From wt%, volume fractions were calculated by the
following expression:
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Φ =
[
1 +
(1− ω) ρi
ωiρe
]−1
(2.1)
where ωi and ρi refer to the mass fractions and density of either magnetite, CNF or
CNF/Mag, and ρe is the density of epoxy (1.25 g ·cm−3). The magnetite nanoparticle’s
density was calculated from the mass fractions determined through TGA [2] and the
known densities of crystalline magnetite (5.15 g · cm−3) and oleic acid (0.895 g · cm−3).
The extracted value was 2.6 g ·cm−3. The CNFs density (1.97 g ·cm−3, as given by the
supplier) and the magnetite nanoparticle’s density were used to determine the density
of CNF/Mag through the following expression:
ρCNF :Mag =
2[
ρ−1CNF + ρ
−1
Mag
] (2.2)
The correspondence between volume and weight percentages is summarized in Ta-
ble 2.1.
Table 2.1: Weight percentages (wt%) and equivalent volume percentages (vol%) of
CNFs and CNF/Mag in the epoxy composites
Nanofiller, wt% 1 2.5 5 10 20
CNF (vol%) 0.6 1.6 3.2 6.6 -
CNF/Mag (vol%) - 1.2 2.9 5.8 12.2
For the preparation of nanocomposites, both the filler and HDGEBA were diluted in
THF, mechanically stirred and sonicated at room temperature to give stable suspen-
sions. After mixing, the solvent was eliminated at 80◦C under vaccuum. Stoichiometric
amounts of m-xylilenediamine were added to the mixtures and cured at 90 ◦C for 1 h
and post-cured for 2 h at 130 ◦C to ensure full conversion.
Concerning the polymeric matrix, the main feature of HDGEBA is the lack of aro-
maticity in its cycles, or the absence of phenyl groups in its structure. Its low polarity
and the presence of flexible cyclohexyl groups instead of rigid aromatic rings makes
the viscosity of HDGEBA appreciably lower than that of standard DGEBA epoxy
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based resins. Fluidity joined with moderate glass transition temperature, makes this
selection adequate for coatings, manufacture of complexly shaped components and en-
capsulation [3] of electronic devices in applications where temperature requirements are
not severely stringent.
2.1.3 3D CNT-scaffolds and epoxy composites prepared by their
infiltration
Nitrogen doped multiwalled carbon nanotubes (CNxCNTs) were synthesized by Chem-
ical Vapor Deposition (CVD) in a horizontal furnace at 850 ◦C [4]. Ferrocene and
benzylamine were used as catalyst and carbon source respectively. The benzylamine
solution with a 2.5 wt% of catalyst was introduced into the furnace using an ultrasonic
sprayer. The carrier gas flow (Ar/H2, 1:0.15 mixture) was set at a constant feeding
rate of 2.5 L/min and carbon nanotubes were allowed to grow for 30 min.
The prepared CNxNTs were functionalized by acid oxidation [5] (H2SO4 : HNO3/3 : 1)
and densely decorated with nearly monodisperse magnetite nanoparticles (∼ 7 nm)
via a polyol route, using triethylene glycol as the solvent and iron acetylacetonate
(Fe(acac)3, 99.99%) as the organometallic precursor
[6]. Briefly, the oxidation was
done by mixing pristine CNxNTs with the acid mixture (ratio: 1mg/ml) and letting it
to react for 2 h in an ultrasonic bath. The carbon nanotubes were collected afterward
by vacuum filtration and repeatedly rinsed with water until a neutral pH was reached.
The product was then dried in vacuum. For the magnetite decoration, 500 mg of
the oxidized CNxNTs were dispersed in 150 ml of triethylene glycol for 5 min in an
ultrasonic bath. After this time 1 gr of Fe(acac)3 was added while stirring vigorously.
The mixture was reflux-heated at 3 ◦C·min−1 until 278 ◦C and kept at this temperature
for 30 min. The product (CNxMag) was collected by vacuum filtration, rinsed several
times with ethanol and dried in vacuum for obtaining a highly magnetic black powder.
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Oxidized and pristine nanotubes were titrated to quantify the acidic moieties on their
surface. Small quantities (ca. 7-15 mg) were suspended in approximately 60 ml of
distilled water and pH changes upon addition of consecutive volumes of the NaOH
solution were automatically monitored. Acidic sites quantification was done at the last
equivalence point (pH=7.1-7.6).
Magnetite decorated and pristine CNxNT scaffolds were prepared as previously de-
scribed [7], through Ice segregation induced self-assembly (ISISA). First chitosan (CHI)
solutions (1 wt%) were prepared by dissolving CHI (0.1 g) in 10 ml of an aqueous
solution of acetic acid (0.15 M , pH 4.5). Subsequently, 3.4 and 6.7 wt% of pristine
CNxNTs or CNxMag nanotubes were dispersed in CHI solutions (1 wt%) and stirred
at room temperature for 24 h. The dispersions were collected into syringes (1 ml or 5
ml) and dipped at a constant rate of 2.7 mm ·min−1 into a cold bath maintained at a
constant temperature of a -196 ◦C (liquid nitrogen). The unidirectionally frozen sam-
ples were freeze-dried using a ThermoSavant Micromodulyo freeze-drier. The resulting
monoliths kept the shape of the container.
During unidirectional freezing, steadiness between the cryogenic liquid level and the ice
front is only established after reaching a certain immersion height. Thereby, the final
aerogels present a heterogeneous porosity distribution along their longitudinal axis.
Below this critical height, the morphology of the ice crystals is not well established
and the porosity of the aerogel varies strongly, from a dense to a cellular-like structure.
Above that point, since the temperature of the cryogenic liquid is constant, steady
ice crystals with uniform size and structure start growing aligned with the freezing
direction. Therefore, the first 2 cm of each scaffold were discarded to avoid extra
effects from an unknown structure. For comparison purposes, an scaffold with 6.7
wt% of CNxMag in the primary aqueous solution was subjected to thermal treatment
under N2 atmosphere. The CNxMag 6.7 % scaffold was carefully placed in the middle
of a tubular furnace, heated at 2 ◦C/min until 250 ◦C and kept at this temperature for
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30 min. The sample was then subjected to the second temperature ramp, 3 ◦C ·min−1,
to reach 360 ◦C and maintained at these conditions for 1 h.
Composites of all the prepared scaffolds were obtained after infiltration with HDGEBA
mixed with the corresponding stoichiometric quantity of curing agent (m-xylilendiamine).
The resin was selected due to its low viscosity, which allows for a better penetration of
the epoxy within the scaffold’s structure. Infiltration was done under vacuum condi-
tions inside glass tubes. The prepared composites were cured using the usual protocol
(1 h at 80 ◦C and 1 h at 120 ◦C). The scheme of the complete process is depicted in
Figure 2.2.
Figure 2.2: Illustration of the process used to obtain CNT-scaffolds and scaf-
fold composites. Anisotropic CNT-scaffolds are obtained upon uniaxial freeze-drying
aqueous dispersions of CNTs and the polymeric binder. Epoxy composites are ob-
tained after infiltrating these hollow CNT structures
2.1.4 3D CNT-sponges directly synthesized by chemical vapor
deposition
As shown in Figure 2.3, 3D/CNT-sponges were synthesized through chemical vapor
deposition (CVD) in a horizontal furnace at 860 ◦C (Thermo Scientific Lindberg M
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Mini-Mite, 120V) equipped with a 1-inch diameter quartz tube. Ferrocene and 1,2-
dichlorobenzene (DCB) were used as catalyst and carbon source respectively. The
DCB solution with a catalyst concentration of 0.06 g/ml was injected into a preheated
zone (240 ◦C) with a syringe pump at constant rates of 0.23, 0.18 and 0.13 ml ·min−1.
The vaporized mixture is conducted into the 860 ◦C furnace zone (center) by the carrier
gas (Ar/H2, ratio 1:0.15) which was set at a constant feeding rate of 2.6 L/min. The
sponge material was then allowed to grow for 1, 2, 3 or 4 h. As CNTs grow, they get
randomly deposited on the quartz tube walls, or over quartz substrates, forming the
sponge. The system was subsequently cooled to room temperature while maintaining
the carrier gas flow at 0.5 L/min. Sponge thicknesses, when the growth was done for
2 h, was typically ∼2-3.5 mm.
heating belt
syringe pump
dichlorobenzene
and ferrocene
carrier gas inlet
Ar/H  (1:0.15)
furnace
water trap
outlet
Figure 2.3: Setup for the synthesis of CNT-sponges. The CNT precursor solution
is injected with a syringe pump into a preheated zone, where it is vaporized and
carried inside the furnace by the Ar/H2 mixture. Inside the furnace, at 860
◦C, small
particles of ferrocene catalyze the growth of CNTs from the carbon source
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2.2 General characterization techniques
• Powder X-ray diffraction (XRD)
The interaction of X-rays (monochromic and collimated) and atoms of crystalline
matter produces constructive diffraction interferences when Bragg’s law is satisfied.
Thereby, for structures having n crystalline planes, the radiated wavelength (λ) is
related to the crystalline lattice spacing (d) and the diffraction angle (θ) by:
nλ = 2d sin θ (2.3)
As θ is characteristic for each periodic array of atoms, XRD enables to determine
the composition of samples through the discrimination of its crystalline structure.
Additionally, the crystallite size (D) of polycrystalline samples can be calculated from
XRD patterns by using Scherrer’s equation:
D =
Kλ
β cos θ
(2.4)
where K is the shape factor and β is the diffraction peak broadening (width at half-
height) in radians. For spherical crystalline grains, the shape factor is 0.9 and D
corresponds to the grain size, while for nanoparticles, it can reflect the size of the
particle.
The crystalline structure of materials was studied with a Panalytical X’pert Pro X-ray
diffractometer (Cu Kα radiation, λ = 0.15406 nm).
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• Brunauer-Emmet-Teller (BET) surface area
This technique enables the determination of the material’s specific surface, the porosity
at the nanoscale level and its distribution. It is based on the adsorption of monolayers
of N2 molecules over the surface of the material. The thickness of this layer increases
progressively as the equilibrium pressure reaches the saturation pressure. During this
process, it is possible to assess the type of adsorption that the surface of the sample
undergoes. The application of mathematical models to the raw pressure data enables
obtaining the nanoporosity of samples: geometry, size and distribution of the pores.
Nitrogen adsorption measurements were used to characterize the nanoferrite-silica hy-
brids. Both the pores of the silica template and the ferrite filled silica were character-
ized at -196 ◦C on a Micrometrics Instrument Corp. Gemini VII 2390. The samples
(ca. 200 mg) were previously degassed for 1 h at 90 ◦C and 2 h at 150 ◦C. The surface
area was determined using the Brunauer-Emmet-Teller (BET) method from 0.05 to
0.25 relative pressures. The pore size distribution was determined using the desorption
branch and the Barret-Joyner-Haelender (BJH) method. The total pore volume was
measured at P/P0 = 0.99.
• Vibrating sample magnetometry (VSM)
In VSM, a uniform magnetic field is applied to the sample and its dipole field is
measured as it oscillates perpendicularly to the magnetic field [8]. The principle of this
technique is the Faraday’s law of induction, which states that any alternating magnetic
field will produce a measurable electric field. While the sample gets magnetized the
generated magnetic field generates an electric field that can be sensed. This current is
proportional to the magnetization of the sample.
The magnetic properties of magnetic particles were investigated by Vibrating Sample
Magnetometry (VSM) at room temperature with a 10 T magnetic field (CFMS Cryo-
genic Ltd). The coercitivity (HC) and remanence values (Mr) were obtained from the
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hysteresis loops. The saturation magnetization (Ms) was obtained by extrapolating
the magnetization in the linear portion, observed at high fields, of the hysteresis loops.
• Raman spectroscopy
Raman spectroscopy is a fast, nondestructive and high-resolution technique that en-
ables the discernment of carbon allotropes, the evaluation of their chemical modifi-
cations during processing (structure preservation, defects, functional groups) and the
determination of unwanted synthesis byproducts. Raman scattering of phonons is de-
termined by the electronic behavior of the material and any change in its structure
will lead to a change in shape, position and intensity of the Raman bands. The main
signals in the Raman spectra (Vis excitation) of carbonaceous materials are the G and
D bands, observed around 1560 and 1360 cm−1 respectively. G peak occurs due to
bond stretching of sp2 C-C bonds and is observable both in chains and rings. The D
peak is due to breathing of sp2 C-C bonds in six-atoms rings and requires defects for
its activation. Among these bands, in non-defective graphitic structures only G band
is observable, together with the 2D band at 2635 cm−1 (D overtone), which does not
require defects for being active either. In this context, the ratio between D and G
bands is usually assessed to evaluate how defective or graphitic the structure is.
Nanocarbons and their derivatives were subjected to Raman spectroscopy with a Ren-
ishaw inVia confocal micro-Raman spectrometer equipped with a 100× objective and
a 514 nm laser as excitation source. Measurements were done with two acquisitions of
30 s in 5 different points of each sample.
• Thermogravimetric Analysis (TGA)
All measurements involving thermogravimetric analysis (TGA) were carried out in air
if not otherwise specified. TGA was used to determine the different oxidation/degra-
dation processes of polymer composites and also to estimate the quantity of thermally
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stable inclusions by considering the wt% of residue at 900 ◦C. Typical experiments
were done with 3-12 mg of sample and the weight loss was monitored between 40 and
900 ◦C using a heating ramp of 10 ◦C ·min−1. The peaks of the derivatives of the TGA
curves were assessed as maximal degradation rates. Although the same conditions were
maintained for all measurements and within each group of materials all TGA’s were
carried out with the same equipment, a Perkin Elmer STA 6000 and a TA Instruments
Q500 TGA were used indistinctly.
• Differential scanning calorimetry (DSC)
Thermal transitions were studied by Differential Scanning Calorimetry (DSC) on a
Mettler Toledo 822 equipment, from 40 to 240 ◦C at 10 ◦C ·min−1. The glass tran-
sition temperature in all cases was determined at the inflexion point of the recorded
thermograms.
• Electron microscopy
The morphology of composites was characterized by Scanning Electron Microscopy
(SEM) on a Philips XL30 microscope operating at 15 kV and equipped with detector
of secondary electrons. Samples were sputtered with gold during 30 s to avoid charge
accumulation during SEM inspection.
Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) images,
as well as selected area electron diffraction (SAED) patterns, were obtained on a Philips
Tecnai microscope at 200 kV. Powder samples were sonicated in small amounts of
acetone or ethanol and then dropped over TEM Cu-grids coated with amorphous
carbon. In the cases when TEM images of composites were needed, specimens were
cut into ∼70 nm sections with a Leica UltraMicrotome EM UC7 and deposited over
the carbon coated Cu-grids.
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• Direct current (DC) electrical measurements
Electrical properties of materials were evaluated using a HP 34401A digital multimeter
with 100 µm ·Ω−1 resolution and 10 G ·Ω−1 upper limit. In a 2-wire DC configuration,
I-V curves were recorded from 1 to -1 Volts and the mean resistance was obtained from
the slope. Conductivity (σ) was calculated accounting the dimensions of samples by:
σ =
1
RAL
(2.5)
where σ is given in (S ·m−1), R is the measured resistance in (Ω), L is the length of
the sample or the distance between electrodes in m, and A is the area of the sample’s
surface (width × thickness, m2) in contact with the electrode.
The electrical properties of CNF-epoxy and CNF/Mag-epoxy composites were eval-
uated with samples prepared by placing a drop of the uncured blends between two
steel plates (diameters: 2.4 and 3 cm) and then curing through the usual protocol.
The thickness of these samples was controlled using 100 µm Teflonr spacers placed
between the steel disks.
In the case of CNT-sponges, the specimens were cut into rectangular (5 × 7 mm)
or square (5 × 5 mm) sections with thickness of about 3 mm. The top and bottom
surfaces were carefully stuck to aluminum plates, serving as electrodes (10 × 10 mm2),
by applying a thin layer of silver paint.
In the case of composites prepared by the infiltration of 3D-CNT scaffolds, electrical
properties were measured in toroidal specimens having inner and outer diameters of 3
and 7 mm, respectively, and thicknesses of about 2 mm. The top and bottom surfaces
were carefully polished and coated with a thin layer of silver paint, where a silver wire
was adhered.
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2.3 EMI shielding measurements
The shielding efficiency was measured according to the transmission/reflection method
though a two-port vector network analyzer (VNA, Agilent, ENA, E5071) in the range
of 1 to 18 GHz. This apparatus allows for the characterization of microwave devices,
circuits and the properties of materials at the specified frequencies. Samples were
characterized with a 7 mm outer and 3.04 mm inner diameter coaxial transmission line
adapter. Samples were precisely machined into toroidal shapes and inserted within the
coaxial sample holder as depicted in Figure 2.4. Using the built-in software, a geometry
correction was applied for correcting small deviations from nominal geometry.
The coaxial transmission line is connected to the two ports of the VNA, namely port-
1 and port-2, one to each side of the line. The VNA generates an input signal of
certain frequency in port-1, which is conducted through the line until it reaches the
material under test. The material will partly reflect this signal and the non-reflected
signal will be transmitted to port-2. The reflected portion will be recollected in port-
1 and separated from the input one. The VNA then sweeps along the established
frequency range and collects both reflected and transmitted waves. This is done in
both directions, e.g. input signal from port-2 to port-1, thereby four sets of data
are generated. These can be mathematically represented by four complex scattering
parameters: S11, S21, S22 and S12, in which the numbers denote the receiver port and
the source port, respectively.
The S-parameters are related to the voltage of the reflected (R) and incident (I) waves
and can be correlated with the respective powers (P) by:
PR = |S11|2 = |S22|2 (2.6)
PT = |S12|2 = |S21|2 (2.7)
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Figure 2.4: Illustration of the network analyzer on top, connected to the coaxial
transmission line, which is loaded with the toroidal sample within the outer and inner
conductors. The illustration at the bottom shows the plane representation of the
S-parameters, e.g. when the input signal is generated at port 1, the reflected signal
collected back at port 1 is represented by S11, while the transmitted portion of the
input signal is collected at port 2 and is represented by S21
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Thus, the absorbed power (PA) can be calculated taking into account that the incident
power (PI) is 1 mW as:
PA = 1− PR − PT = 1− |S11|2 = |S12|2 (2.8)
To reflect the loss of incident power, as the wave strikes the material and passes
trough it, the S-parameters can be conveniently assessed to obtain the global shielding
efficiency and to separate the absorption and reflection loss contributions as:
SET = 10 log
PI
PT
= SER + SEA = 10 log
1
|S21|2 (2.9)
SER = 10 log
PI
PI − PR = 10 log
1
1− |S11|2 (2.10)
SEA = 10 log
PI − PR
PT
= 10 log
1− |S11|2
|S21|2 (2.11)
To find the complex permittivity and permeability of samples, an algorithm based on
the Nicholson-Ross-Weir method [9] was applied to the S-parameters with the built-in
software.
Briefly, given that S12 = S21, the S-parameters can be expressed as a function of the
reflection (Γ) and transmission (T) coefficients by [10]:
S11 = R
2
1
[
Γ
(
1− T2)
(1− Γ2T2)
]
(2.12)
S22 = R
2
2
[
Γ
(
1− T2)
(1− Γ2T2)
]
(2.13)
S21 = R1R2
[
T
(
1− T2)
(1− Γ2T2)
]
(2.14)
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where R1 and R2 are related to the reference planes and their distance to the sample
ends from each side of the coaxial line. Γ and T are defined by the complex propagation
constant (γ) within the material, the thickness of the slab (t) and its complex magnetic
permeability respectively (µ)by [10]:
T = e−γt (2.15)
Γ =
(
γ0
µ0
− γµ
)
(
γ0
µ0
+ γµ
) (2.16)
where γ0 is the propagation constant in vacuum. At the same time the complex
propagation constant is related to the complex permittivity () and permeability (µ)
of the sample by [11]:
γ = j
√
rµr
2pif
c0
(2.17)
Therefore, solving this complex matrix through the Nicholson-Ross-Weir algorithm
enables the VNA to retrieve the four unknowns: ’, ”, µ’ and µ”.
In order to obtain the reflection and transmission parameters of the material under
test with accuracy, the system must be calibrated prior to measurement. For under-
standing the calibration sequence, the coaxial line connected to the VNA through port
1, can be simplified to the equivalent circuit illustrated in Figure 2.5. Calibration is
done for each port with three standards: an open connector, a short connector and a
matched impedance load connector, all of which are plugged to the opposite end of the
line to which calibration is being done (Figure 2.5). This procedure allows removing
systematic errors that affect the reflection terms, such as the directivity of the signal,
the impedance match of the source and the reflection tracking [12].
Once both ports have been calibrated, transmission through the empty line is measured
for setting the maximum transference between ports.
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Zs
Z0
ZL
1
2
3
1 open
2 short
3 load
Figure 2.5: Equivalent circuit of the coaxial line connected to the source from port
1, where Zs is the source impedance, Z0 is the characteristic impedance of the coaxial
line and ZL is the impedance of the load standard that is used for calibration, which
is equal to the impedance of the test system (50 Ω). Before the load standard is used,
calibration is done with an open and a short standard. These three manipulations
complete the one-port calibration
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Results and discussion: Preface
In this work we have studied the shielding performance of a variety of materials with dif-
ferent values of conductivity, electric permittivity and magnetic permeability. We have
prepared composites with precisely designed nanometric reinforcements, controlled dis-
persions and specific interconnectivities between them.
Since all the composite systems were prepared for the same final application, this chap-
ter will be divided in two parts: Part I, in which the characteristics of the nanofillers
will be discussed and linked to their preparation method, and Part II, where the general
properties of composites will be analyzed and related to their EMI shielding ability.
For sake of clarity, both parts (I and II) will be divided into four sections, in correspon-
dence to the nanoreinforcements that were prepared and employed for the preparation
of composites:
• Nanoferrite-filled silica micro particles1
• CNFs and magnetite-adsorbed onto CNFs2
• 3D CNT-scaffolds of pristine and magnetite-decorated CNTs3
• 3-Dimensional CNT-sponges4
1Related contents have been partially published in Mater. Chem. Phys. [1]
2Related contents have been partially published in Carbon [2]
3Related contents are now in progress for submission
4Related contents have been partially published in Phys. Status Solidi Rapid Res. Lett. [3]
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Results & Discussion
PART I
I.1 NANOFERRITE-SILICA HYBRIDS: MAGNETISM, SIZE
AND CRYSTALLINITY
The magnetic response of Cu − Ni mixed ferrites can be modulated through their
stoichiometry [4]: pure Cu-ferrites present a hard magnetic behavior while Ni-ferrites
are soft magnets.
Silica-(Cu−Ni)/ferrite hybrids have been synthesized by a simple and cheap nanocast-
ing procedure (Figure 2.1, section 2.1.1). Through this method it is possible to obtain
homogeneous and individually distributed magnetic nanocores within the silica pores.
The magnetic properties of these hybrids as a function of their Cu−Ni stoichiometry
and annealing temperature are discussed below.
I.1.1 Cu−Ni ferrite stoichiometry optimization
Mesoporous silica was selected as the hard template to synthesize Cu − Ni ferrite
nanoparticles (Ni1−xCuxFe2O4). Different Cu − Ni stoichiometries were prepared
by varying the ratio of the initial Cu/Ni precursors used to impregnate the silica
template and then annealed at 700 ◦C to obtain each Silica-Ni1−xCuxFe2O4 hybrid.
The materials were labeled according to their content of Cu: x = 0, 0.25, 0.5, 0.75 and
1.
The crystallographic analysis of each stoichiometry was done by X-ray diffraction (Fig-
ure 3.1). In all diffractograms, the peaks at 2θ◦ = 30.2, 35.6, 43.5, 53.8, 57.4 and 63.0
can be respectively attributed to the (220), (311), (400), (422), (511) and (440) crys-
talline planes of a single-phase cubic inverse spinel. Nevertheless, small impurities of
hematite were distinguished in most compositions and CuO was also observed in the
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case of the sample x = 0.25. This feature might indicate that 700 ◦C is still a low
temperature for the complete mixture of Ni and Cu oxides that react to form each
ferrite stoichiometry.
For the ferrite containing only Cu (x = 1), two phases corresponding to CuO and
hematite are clearly seen. Since the structure of the resulting ferrite is not equivalent
to the rest of spinel nanocrystals, their evaluation was not further pursued. The
broad band at 2θ ≈ 20◦ corresponds to the amorphous silica, which also shows minor
crystalline contributions, probably related to small amounts of diatoms (cristoballite
syn, trydimite syn, quartz), occurring in natural silica [5].
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Figure 3.1: X-Ray diffraction patterns of the ferrite-silica materials annealed at
700◦C
The crystallite size (D) of all ferrites (Table 3.1) was determined using Scherrer’s
equation applied to the most intense diffraction peak (311). Crystallite sizes did not
show any clear tendency when the Cu content was varied, suggesting that the size is
restricted due to the silica hard template and it is less dependent on the Cu/Ni ratio.
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Table 3.1: Crystallite size obtained from the XRD patterns of the ferrite-silica
materials
Ni1−xCuxFe2O4
x 0 0.25 0.5 0.75 1
D (nm) 9.8 9.4 8.6 9.9 -
The magnetic characteristics of the samples were evaluated by registering their mag-
netic moment while an external magnetic field was applied (vibrating sample magne-
tometry, VSM). Results for all Cu−Ni ferrite stoichiometries are shown in Figure 3.2.
The magnitude of the coercitive (HC) and remanent (MR) fields can be observed in the
inset. None of the samples show appreciable hysteresis losses (low coecitivity values),
suggesting that they are nearly superparamagnetic. The highest value of ca. 50 Oe
corresponds to the Ni−ferrite (x = 0). The coercivity decreases as the content of Cu
(x) increases, while the saturation magnetization (Ms) increases with the Cu content,
only up to x = 0.5.
For single magnetic domain particles, the coercitivity (HC) increases with the size of
the particle (D) [6], as described by [7]:
HC = as − bs
D2
(3.1)
where a and b are constants and the subscript s is referred to the single-domain be-
havior of particles. In the case of particles with more than one magnetic domain
(multidomain), the increasing tendency of coercivity with the particle size is inverted,
and the relationship is shown by [7]:
HC = am − bm
D2
(3.2)
This inversion of trend is observed at a characteristic critical diameter (DC). For
Cu-ferrite, the reported DC lays around 60 nm
[8], meanwhile for the Ni-ferrite it is
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Figure 3.2: Hysteresis loops obtained by VSM of the ferrite-silica hybrids with
different Cu−Ni stoichiometries. All samples were annealed at 700 ◦C. Inset: Near-
zero zoom view of both hysteresis loops showing the variation of coercitivity (x-axis
intersection, HC) and remanence (y-axis intersection, MR) when the stoichiometry
changes.
∼ 11 nm [9]. For Cu−Ni mixed ferrites therefore, it is expected that the diameters will
be between these two ranges. The crystallite sizes (∼ 9 nm) tell us that the prepared
ferrites might be below or very near the lowest DC bound (11 nm), thus approaching
the superparamagnetic behavior from the monodomain region. Nonetheless, the de-
creasing trend of coercivity might be justified due to the varying Cu content. Particles
of all stoichiometries are small enough to behave as magnetic monodomains, but as the
Cu content increases, the intrinsic DC is also increasing
[10]. Thereby, ferrites contain-
ing a higher amount of copper, e.g. x = 0.75, but having sizes comparable to those of
ferrites containing higher amounts of Ni, e.g. x = 0.25, have lower coercitivities since
they are closer in size to their critical diameter limit. The decrease in coercitivity when
Cu2+ ions are introduced into the pure Ni-ferrite lattice has been reported previously
for particles having sizes of about 10-12 nm [7].
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The trend of saturation magnetization (MS) as a function of the Ni/Cu content can be
attributed to the competition for occupying the octahedral sites between ferrimagnetic
Fe3+ ions (high magnetic moment) and non-magnetic Cu2+ ions (lower magnetic mo-
ment). Neel’s ferrimagnetic theory states that in spinel structures, cations occupying
the different positions (octahedral or tetrahedral sublattices) have magnetic moments
that are aligned up oppositely. Accordingly, the magnetic moment (ηB) for spinel
structures is given by: ηB = ηOCT − ηTET , where OCT and TET respectively corre-
spond to the magnetic moment of the octahedral and tetrahedral sublattices.
Ni-ferrite is generally represented by the formula:
[
Fe3+
]
TET
[
Ni2+, F e3+
]
OCT
O2−4 ,
which implies that the tetrahedral sites are preferentially occupied by the Fe3+ ions.
When Cu2+ are introduced in the Ni-ferrite lattice, for compositions comprised be-
tween 0 < x < 0.5, Cu2+ ions will occupy the tetrahedral positions and displace
those [Fe3+]TET ions to octahedral positions
[11]. Therefore, the occupancy of the oc-
tahedral sites will be reserved for ferrimagnetic Ni2+ and Fe3+ ions (higher magnetic
moment than Cu2+) and the MS value of the ferrite will be enhanced in accordance
to the magnetic moment of the octahedral sublattice (ηB = ηOCT − ηTET ). When
the concentration of Cu2+ is increased further, e.g. x > 0.5, a change in the type of
substitution occurs: Cu2+ ions now tend to occupy octahedral sites, displacing the
[Fe3+]OCT ions to tetrahedral sites, hence the decrease observed in the MS value
[4].
I.1.2 Ni0.5Cu0.5Fe2O4: Effects of the annealing temperature
The Ni0.5Cu0.5Fe2O4 ferrite showed the highest saturation magnetization, e.g. higher
Snoek’s limit [12], therefore, it was selected for further analysis regarding the role of
the silica hard template. For this purpose, an additional Ni0.5Cu0.5Fe2O4 sample
was analogously prepared and annealed at 900 ◦C. The XRD patterns of both silica-
Ni0.5Cu0.5Fe2O4 hybrids (annealed at 700 and 900
◦C) are shown in Figure 3.3. In
both cases, the peaks corresponding to the ferrite and the silica phases are observed.
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Diffraction peaks became sharper with temperature, suggesting a higher crystallization
degree without structural changes in the spinel.
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Figure 3.3: X-Ray diffraction patterns of the ferrite-silica hybrids annealed at 700
(bottom) and 900 ◦C (top)
The crystallite size of samples annealed at 700 and 900 ◦C was 8.6 and 23.8 nm,
respectively. The increase of crystal size with temperature could be a consequence
of the enhanced diffusion at high temperatures and due to slight changes in the pore
structure of the template when treated at 900 ◦C [13,14]. Indeed, the small hematite
impurity that was observed in the 700 ◦C annealed Ni0.5Cu0.5Fe2O4 sample, is not
longer seen when annealed at 900 ◦C, which corroborates that diffusion is promoted
with temperature. Instead, a very weak peak that corresponds to CuO is observed.
This indicates that the stoichiometry of ferrites is slightly altered with the thermal
treatment: segregation of small quantities of hematite or CuO occurs for lower (700
◦C) or higher temperatures (900 ◦C), respectively.
For transmission electron microscopy images (TEM, Figure 3.4, a and b) both samples
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were subjected to detemplation with NaOH to check their morphology with a better
contrast. Size distributions in TEM images (Figure 3.4 c and d) were determined in
both cases by measuring the diameter of more than 190 particles. As expected from
the previous XDR observations, when annealing is done at 700 ◦C, a narrow particle
size distribution with an average diameter of 8.3±1.6 nm is obtained; at 900 ◦C, the
particles show a broader and less symmetric particle size distribution, with diameters
ranging from 15 to 80 nm.
To ensure the preservation of nanoparticles after the basic treatment, selected area
electron diffraction patterns (SAED, Figure 3.4 e and f) were recorded and contrasted
to the XRD patterns acquired before detemplation. The SAED of both samples is well
in accordance with the XRD results: rings 1, 2, 3 and 4 correspond to the (111), (220),
(311) and (400) diffraction planes, respectively, and can be correlated with the typical
diffraction rings observed for spinel structures. This corroborates that no structural
or morphological changes occurred in the samples upon the treatment with NaOH.
The distribution of the ferrite nanoparticles inside the silica template was evaluated
by contrasting the nitrogen adsorption-desorption isotherms of the pristine silica and
the ferrite-silica hybrids (Figure 3.5). All the curves showed the typical hysteresis loop
of mesoporous materials (type IV isotherm) where the closure at P/P0 ∼ 0.4 indicates
the presence of small mesopores.
No steep changes in the adsorption behavior were observed at low relative pressures,
indicating the absence of micropores. This observation was confirmed by using the
t-plot method for the specific surface area of micropores. The surface area, total
pore volume and diameter of all the prepared materials are shown in Table 3.2. For
comparison purposes, the corresponding data of silica without any ferrite loading is
also shown (annealed at 700 and 900 ◦C).
The surface area sharply decreases when the neat silica is loaded with ferrite nanopar-
ticles, thus proving the filling of the pores. However a decrease of surface area occurs,
solely upon the thermal treatment. Silica might undergo densification above 650 ◦C [15]
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Figure 3.4: TEM images of the detemplated ferrite nanoparticles: (a) annealed at
700 ◦C and (c) corresponding size distribution and (b) annealed at 900 ◦C and (d)
corresponding size distribution. Selected area electron diffraction patterns (SAED)
for both ferrites: (e) annealed at 700 and (f) at 900 ◦C
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Figure 3.5: Nitrogen adsorption-desorption isotherms of: neat silica (•) and ferrite-
silica hybrids annealed at 700 () and 900 ◦C (N)
Table 3.2: Surface area, total pore volume and pore diameters (Φpore) obtained
from the adsorption isotherms of the silica control samples (neat silica, and silica
annealed at 700 and 900 ◦C) and of the ferrite-silica hybrids (annealed at 700 and
900 ◦C)
Sample Surface area, Total pore volume, Φpore,
m2 · g−1 cm3 · g−1a nmb
Neat Silica 385.12 0.722 6.2
Silica 700 ◦C 367.68 0.648 6.1
Silica 900 ◦C 240.63 0.411 5.8
Ferrite-Silica (700 ◦C) 269.34 0.451 5.9
Ferrite-Silica (900 ◦C) 114.77 0.222 5.8
aCalculated according BET theory
bCalculated using the BJH approach
due to condensation of silanol groups from different particles or by the rearrangement
of primary particles in a denser array [16]. This effect is more significant when annealing
is done at the highest temperature (900 ◦C), where a reduction of a 38% in the surface
area is observed.
Regarding the total pore volume and the pore diameter, the synthesis of non-porous
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inclusions within silica, reduces its porosity and also the pore size slightly. This indi-
cates that the ferrite particles are bulky and block (at least partially) some of the pores
of the silica, as observed for other guest particles grown within porous templates [17].
However, the small reduction of the pore diameter when compared to the surface area
or total pore volume may indicate a non-homogenous filling of the pores [18].
As shown in Figure 3.6, the recorded values of coercitivity, remanence and saturation
magnetization are 10 Oe, 0.06 emu ·g−1 and 4.06 emu ·g−1, respectively, for the sample
annealed at 700 ◦C, and 86 Oe, 1.27 emu · g−1 and 7.47 emu · g−1, respectively, for
the sample annealed at 900 ◦C. These values suggest that the treatment at 700 ◦C
induces the growth of the ferrite nanoparticles inside the silica pores as individual
monodomains, since the material shows a nealy superparamagnetic behavior.
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Figure 3.6: Hysteresis loops of the ferrite-silica hybrids annealed at 700 and 900
◦C. Inset: near-zero zoom view for both hysteresis loops showing the increase of
coercitivity (x-axis intersection, HC) and remanence (y-axis intersection,MR) when
the annealing temperature increases
In contrast, annealing at 900 ◦C seems to provoke higher hysteresis losses than when
annealed at 700 ◦C, and this can be attributed to the particle size growth [19]. With
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regard to the saturation magnetization, particles annealed at 700 ◦C present a lower
value. This is likely due to their smaller size, as the surface-to-volume ratio is higher
for small particles than for larger ones. Atoms at the surface of the particles show
a different local order than those of the core, resulting in lower magnetic moments
for smaller particles (surface spin canting effect) [20], which have a higher fraction of
surface atoms that do not contribute to the net magnetization value [21].
It is worthy to note that both types of particles (prepared at 700 and 900 ◦C) were
clearly attracted by a magnet, even though the calculated concentration of ferrite
nanoparticles in the template is ∼ 23 wt%. Taking into account the proportion of
magnetic constituent in the non-magnetic silica material, the saturation magnetizations
herein reported are in well agreement with reported values for bulkNi0.5Cu0.5Fe2O4
[4].
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I.2 MAGNETITE ADSORBED ONTO CARBON NANOFIBERS
The high surface area of carbon nanofibers (CNFs) enabled them to adsorb preformed
oleic acid capped-magnetite nanoparticles and become remarkably responsive to an
external magnet. The resulting material shows a combination of electric and magnetic
properties that is highly relevant for many applications [22]. The basic characteristics
and morphology of these hybrids are discussed throughout this section.
I.2.1 Magnetite nanoparticle synthesis and adsorption on CNFs
Magnetite nanoparticles were synthesized by a coprecipitation protocol in the presence
of oleic acid to avoid agglomeration [23]. TEM imaging (Figure 3.7) showed individual
particles with a narrow size distribution centered at 9.4 nm.
Figure 3.7: TEM image of the oleic acid capped magnetite nanoparticles showing
in the inset the particle diameter distribution (courtesy of M.G. Gonza´lez et al.) [23]
The oleic acid-capped magnetite nanoparticles were adsorbed onto the surface of CNFs
by simply placing both materials under sonication in heptane. The morphology of
CNFs, before and after decoration with magnetite, is shown in Figure 3.8. Pristine
CNFs show a wide size distribution and a large variety of shapes, while CNFs/Mag
show a non-uniform coverage of magnetite.
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Figure 3.8: TEM of Pristine CNF (left) and CNF/Mag (right)
Powder XRD of the CNF/Mag sample (Figure 3.9) was recorded to confirm the preser-
vation of the original crystalline structure from both the as-prepared magnetite nano-
particles and the pristine CNFs. The XRD pattern of CNFs shows two intense peaks at
scattering angles of 26.1 and 44.25, which can be indexed as the (002) and (101) planes
of the hexagonal graphite lattice, respectively. These peaks remain unmodified in the
CNF/Mag material. Nanoparticles show a typical spinel-like structure, which is evi-
denced by the signals at 30.2, 35.6, 43.5, 53.8, 57.4 and 63.0 that can be attributed to
the (220), (311), (400), (422), (511) and (440) crystalline planes of magnetite, respec-
tively. In addition, the size of the particles (9.4 nm, through equation Equation 2.4)
was consistent with that obtained by TEM (Figure 3.7). Neither other phases (such
as hematite) nor changes in the diffraction pattern were observed. This indicates that
after the incorporation of the nanoparticles onto the fibers, the crystalline structure
of both constituents remains unaltered. VSM results for the magnetite nanoparticles
and for CNF/Mag are shown in Figure 3.10. The lack of hysteresis in both cases can
be attributed to the superparamagnetic nature of the fine magnetite particles. The
saturation magnetization for CNF/Mag decreases slightly in comparison to that of the
magnetite nanoparticles due to the non-magnetic nature of CNFs.
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Figure 3.9: XRD patterns of magnetite nanoparticles, pristine CNFs and CNF/Mag
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I.3 CARBON NANOTUBE AND MAGNETITE-DECORATED
CARBON NANOTUBE SCAFFOLDS
Aerogels of well interconnected carbon nanotubes (CNTs) are highly desirable, since
these materials can show enhanced bulk electrical conductivities at limited weight
fractions. In this context, freeze-drying is a suitable technique for their preparation.
When aqueous dispersions of CNTs (and a polymer binder) are unidirectionally frozen
at controlled rates of immersion in a cryogenic liquid, the watery fraction is trans-
formed into solid ice columns. The CNTs that were initially dispersed in liquid water,
are expelled to the ice-crystal grain boundaries and accumulate around them forming
the solid cryogel. If subjected to freeze-drying, ice sublimates, leaving behind large
empty areas between the regions of solute buildup. This process allows for the prepa-
ration of porous CNT monoliths (scaffolds), with a highly percolated and well-defined
microstructure (Figure 3.11 a and b).
Figure 3.11: General morphology of CNT scaffolds: (a) cm-scale scaffold. (b)
Transversal-section of the scaffold showing the micro-channels of its structure. (d)
and (e) Longitudinal-sections of the scaffold (taken from the marked cross-sections in
b). (c) Walls of the scaffold formed by closely packed and randomly arranged CNTs
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As ice columns grow, they squeeze CNTs, which are then forced to occupy only cer-
tain small volumes along the whole longitude of the scaffold (Figure 3.11 c and d).
Therefore, these macrostructures can present high longitudinal interconnectivity at
low CNT loads. This section will discuss how morphology and properties of these
assemblies vary as a function of their building block CNTs.
I.3.1 Building blocks: CNTs and magnetite decorated CNTs
CNTs used for the preparation of 3D-scaffolds are nitrogen doped MWCNTs (CNxNTs).
Although the surface of CNxNTs resembles the one observed for CVD-grown MWCNTs
without any doping, their morphological peculiarity resides on the bamboo-like inner
structure that they present (Figure 3.12).
Figure 3.12: TEM images of the multiwalled pristine CNxNTs (∼ 50 nm diameter),
exhibiting the typical bamboo-like inner structure
Introduction of heteroatoms in the nanotube’s lattice increases their surface reactivity,
and this might enable the selective CNxNT decoration with a variety of nanoparti-
cles [24]. In our case however, decoration of pristine CNxNTs with magnetite nanopar-
ticles5 was uneven (Figure 3.13 a). Particles were agglomerated at certain regions,
probably where there is a higher concentration of N-defects in the graphitic lattice [25].
5Non-oxidized CNxNTs were decorated by V. Gehova´ ,who also produced complementary amounts
of CNxNTs for characterization, as a part of a collaborative work.
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To improve the decoration with magnetite, CNxNTs were oxidized through a standard
sulpho-nitric acid treatment prior to decoration.
Figure 3.13: TEM images of the magnetite-decorated CNTs: a) pristine CNxNTs
and b) oxidized CNxNTs
As seen in Figure 3.13 b, magnetite nanoparticles are more homogeneous (shape and
size ∼ 7.8 nm) and densely arranged over oxidized CNxNTs. Acidic sites are normally
considered useful as anchoring points of chemical precursors, therefore, an increased
number of acidic moieties in the surface of oxidized CNxNTs could be responsible of
the better magnetite decoration. Titration confirmed concentrations of acidic groups
of 8.6×10−5 and 4.7×10−4 (in mmol ·mg−1 of nanotubes) for the pristine and oxidized
CNxNTs, respectively.
Another cause for the denser nanoparticle decoration on oxidized CNTs could be an in-
creased number of lattice defects on their surface, since these can contribute to stabilize
and anchor the chemical precursors of the nanoparticles [26]. Raman spectroscopy of
both pristine and oxidized CNxNTs (Figure 3.14) revealed the typical D- and G-bands
located at 1345-1350 and 1579 cm−1, respectively, which are associated to the disorder
degree within sp2 hybridized carbon structures (D-band), and the tangential mode of
the sp2 carbon hexagonal lattice (G-band). Oxidized CNxNTs present a higher inten-
sity ratio between D- and G-bands, confirming an increased number of defects in their
lattice [27].
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Figure 3.14: Raman spectra of oxidized and pristine CNxNTs confirming that the
oxidation treatment leads to a higher proportion of defects (higher ID/IG ratio) in
the graphitic lattice
With regard to the oxidized and decorated CNxNTs (CNxMag), the XRD pattern
(Figure 3.15 a) shows the diffraction signals of both the spinel and graphite phases.
The average particle size of the magnetite nanoparticles (7.8 nm, through equation
Equation 2.4) is consistent with that determined through TEM (Figure 3.13 b) and in
addition, the Raman spectrum (Figure 3.15 b) allows for the unambiguous discernment
of the magnetite’s nature, since the characteristic lines of maghemite (between 200 and
800 cm−1) are not observable.
To determine the content of magnetite in the CNxMag nanotubes, the material was
subjected to TGA (Figure 3.16) and the residual mass at 900 ◦C (MR) was analyzed
(Table 3.4). Results showed a residue of 30 wt% for the CNxMag sample, while for the
non-decorated CNxNTs, the MR corresponds to only a 5 and 4 wt% for the pristine
and oxidized CNTxNTs, respectively. This observation corroborates the high degree
of magnetite decoration attained in the CNxMag nanotubes.
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Figure 3.15: a)Comparison of the magnetite-decorated CNxNTs (CNxMag) XRD
with that of a JCPDS pattern of magnetite. b) Raman spectrum of CNxMag (Inset:
zoom-view of the 200-800 cm−1 zone)
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Figure 3.16: TGA comparison between prisine CNxNTs, oxidized CNxNTs and
magnetite decorated CNxNTs (CNxMag) showing the evident higher residual mass
and lower thermal stability of the CNxMag nanotubes
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CNxMag nanotubes present two broad and overlapped weight losses. The first loss,
between 200 and 350 ◦C, is attributed to residual triethyleneglycol (TREG, capping
agent used during the growth of magnetite nanoparticles) and the second, between
400 and 650 ◦C, to the degradation of CNTs. The maximal degradation rate (Tm),
corresponding to this ultimate step, is lower than that of oxidized and pristine CNxNTs
(results are summarized in Table 3.3). CNxMag nanotubes might show a lower Tm
as a consequence of the overlapped degradation of TREG and CNTs, however, since
magnetite has a low resistance to changes in temperature, nanoparticles attached over
the nanotube’s surface could also contribute to accelerate the thermal degradation of
CNxNTs at some extent.
Table 3.3: Residual mass (MR%) and maximal degradation rate (derivative,TM ) of
pristine CNxNTs , oxidized CNxNTs and magnetite-decorated CNxNTs
pristine oxidized CNxMag
MR% 5 4 30
TM ,
◦C 591 577 543
In the case of oxidized tubes, their lower thermal stability in comparison to pristine
tubes can be attributed to the higher number of defects in their structure, since these
can favor the nanotube’s reactivity towards O2, causing a downshift in their Tm.
In accordance to the size of the magnetite nanoparticles determined through TEM and
XRD, and their proportion over the nanotube’s surface, VSM (Figure 3.17) confirmed
that CNxMag nanotubes are superparamagnetic at room temperature and thereby,
they show nearly no coercive or remanent losses.
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Figure 3.17: Hysteresis loop of the CNxMag nanotubes obtained from VSM. Inset:
near-zero zoom view of the loop, showing the negligible values of coercitivity and
remanence
I.3.2 Morphology of scaffolds
All scaffolds were prepared from primary aqueous solutions of chitosan (CHI, 1 wt%)
and different concentrations of magnetite-decorated CNxNTs or non-decorated, but
oxidized, CNxNTs6. Scaffolds of oxidized CNxCNTs were prepared in concentra-
tions of 3.4 and 6.7 wt% and were labeled as C3 and C6, respectively. Scaffolds of
magnetite-decorated CNxNTs (CNxMag), were prepared using the same concentra-
tions mentioned above and were named accordingly as CM3 and CM6.
SEM images of the transversal sections of both types of scaffolds are presented in Fig-
ure 3.19 and Figure 3.18. All samples show an open cellular-like structure of elongated
pores (void fraction, in black) with dimensions between 20 and 30 µm. CNxNTs are
distributed and closely packed within the lamellar channels’ walls (bright regions).
6Scaffolds were produced by S. Nardecchia as a part of a collaborative research project.
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Figure 3.18: SEM images of C3 (left col.) and C6 (right col.) scaffolds at different
magnifications
Since all the samples were frozen with the same immersion rate, morphological differ-
ences are expected solely from the specific characteristics of the CNxNTs used in each
case, e.g. concentration and dispersion degree attained in the primary water-based
dispersions.
Concerning to the concentration, in both types of scaffolds (with decorated and non-
decorated CNxNTs) walls are somehow thickened with the wt% of nanotubes (C6 > C3
and CM6 > CM3) and the lamellar distance is decreased. At first glance, the void
fraction seems to decrease in the same extent however, for C3 and C6 the thickness
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Figure 3.19: SEM images of CM3 (left col.) and CM6 (right col.) scaffolds at
different magnifications
swell is not so evident, since both scaffolds present CNxNT chunks. These are not
forming part of the walls of scaffolds and do not contribute to their thickness.
With regard to the dispersion degree, its effect can be clearly seen in the geometry
and order of the walls. Both C3 and C6 present a less ordered structure than CM3
and CM6, respectively. The ice’s crystal morphology depends upon the equilibrium
of adsorption/desorption of water at the solute interface when frozen. Therefore, the
different morphology might be attributed to the greater net amount of high-surface-
area nanotubes in C3 and C6, in comparison to their magnetite-decorated analogues.
Indeed, above certain concentration, the primary aqueous dispersions of C3 and C6
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were extremely viscous, which may have impede the proper dispersion of CNTs. This
insufficient CNT disaggregation can be traduced in a more defective scaffold’s structure
for C3 and C6, since the CNT bundles would hinder the assembly of the structure.
In addition, the slightly acidic pHs of the CHI solutions and the presence of adsorbed
TREG on the magnetite nanoparticles, as a consequence of the synthesis procedure,
could have also contributed to favor the dispersion of the decorated-CNxNTs. TREG
can act as a surfactant, while surface groups on the magnetite nanoparticles are more
prone to interparticle repulsion at acidic pHs.
In order to compare the macroporosity differences, image analysis was done to estimate
the percentage of void area in each scaffold (void area fraction/total area of the image
in %). Void areas from at least 10 SEM images were measured and averaged to retrieve
the void area percentages shown in Figure 3.20, where representative binary images
are also included. The void area is represented by the black fraction, meanwhile, those
areas occupied by nanotubes in the scaffold walls, appear in white.
Results corroborate that scaffolds with lower nanotube contents (C3 and C6) have
higher void areas. Additionally, C3 and C6 consistently show lower void areas than
CM3 and CM6, respectively, well in agreement with the poorer dispersion attained
with non-decorated CNxNTs.
Although calculated void fractions can be used to estimate the porosity of scaffolds,
micro and mesoporosity are being neglected, since they cannot be extracted from SEM
images. The apparent density of scaffolds (weight/volume) was measured to verify the
image analysis results (Figure 3.20). Density clearly increases as the concentration
of decorated and non-decorated CNxNTs increases. The extreme low densities of all
samples (∼ 0.04 - 0.07 g · cm−3) disables us to determine if the density differences
between scaffolds having equivalent nanotube concentrations are genuine, or if they
arise due to the experimental uncertainty. Nonetheless, the measured values are in
accordance with the trends extracted from the image analysis.
98
Chapter 3. Results & Discussion. Part I
Figure 3.20: Representative binary SEM images and resultant void contours used for
calculating the void area % of each scaffold through image analysis. The automatic
numbering of void areas generated by the software appears in red. The apparent
density of each scaffold (weight/volume) is also included
I.3.3 Composition of scaffolds
TGA curves (Figure 3.21) were recorded to determine the thermal stability and com-
position of scaffolds. Due to the presence of organic species (CHI and TREG, in the
case of CNxMag) all curves show several overlapped weight losses within the swept
temperature range. Degradation processes occurring between 200 and 400 ◦C can be
attributed to CHI and TREG, while those between 400 and 700 ◦C correspond to the
degradation of CNTs. As summarized in Table 3.4, within both temperature intervals,
the maximal degradation rates (peaks of the TGA derivatives) of CM3 and CM6 are
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lower than those of C3 and C6, respectively, tendency which was also observed when
the original CNxMag nanotubes were compared to the non-decorated CNxNTs.
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Figure 3.21: TGA curves of scaffolds with varying concentrations of magnetite-
decorated CNxNTs (CM3 and CM6) and non-decorated CNxNTs (C3 and C6)
Regarding CNxNTs and CNxMag, the residual mass obtained from the thermograms
was employed to determine their amount in each scaffold. Since the original magnetite-
decorated nanotubes (CNxMag) contain a 30 wt% of iron species (as previously shown
in Table 3.3), the content of CNxMag in scaffolds prepared with decorated CNTs (CM3
and CM6) was recalculated through the residual mass obtained from the thermograms.
In the case of C3 and C6, the content of CNxNTs was assessed through the same
consideration but accounting that non-decorated CNxNTs leave a residue (from the
CVD catalyst) of 4 wt%. For C6 and CM6, the theoretical content of nanotubes should
be around 87 wt%, as the final scaffold is composed only by nanotubes (decorated or
non-decorated) and CHI, while for C3 and CM3 it should be 77 wt%. As shown in
Table 3.4, the calculated content of nanotubes in each scaffold (filler: CNxNTs or
CNxMag), gives a systematic difference of 1-6 wt% from the theoretical value, which
coincides with the weight loss of all samples below 200 ◦C. Therefore, this difference
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can be attributed to acetic acid traces, as CHI is dissolved in slightly acidic water, and
to the water uptake ability of the extreme hygroscopic CHI.
Table 3.4: Scaffold’s TGA residual mass (MR%), calculated filler wt% accounting
the obtained MR%, and maximal degradation rates (derivative peaks, Tm) observed
within 200 − 400 ◦C (Tm200−400) and 400−700 ◦C (Tm200−400)
MR% filler, wt% Tm 200−400, ◦C Tm 400−700, ◦C
C3 3 75.3 308 622
CM3 21.3 71 279 552
C6 3.4 85 296 592
CM6 25.6 85.3 279 535
I.3.4 Additional post-treatment
CM6 was subjected to a thermal treatment at 360 ◦C under nitrogen and the resulting
scaffold was labeled as CM6T. As will be discussed in part II, this step was done to
convert the CHI binder into carbon, therefore, to improve the interconnection between
adjacent nanotubes. The morphology of the material before and after the thermal
treatment is shown in Figure 3.22. SEM images show that the channel structure
was conserved upon the treatment. Although difficult to discriminate through TEM
images (Figure 3.22 c and d), in the CM6T sample it is observed an amorphous halo
only nearby the surface of the CNTs, meanwhile, in the CM6 sample, this coverage is
seen within most intersections between adjacent CNTs.
To corroborate the partial carbonization of the polymeric fraction of the scaffold
through the thermal treatment, samples CM6 and CM6T were compared through
TGA (Figure 3.23). As can be seen, the maximal degradation temperature clearly
increases for the CM6T sample. In addition, below 400 ◦C the weight loss of CM6T
is minimal in comparison to CM6, suggesting that the organic fraction (in CM6) has
been transformed, at least at some extent, into amorphous carbon (in CM6T) upon
the thermal treatment.
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Figure 3.22: (a) and (c) CM6 scaffold before the thermal treatment (SEM and
TEM images, respectively). (b) and (d) Resulting CM6T scaffold after the thermal
treatment of CM6 (SEM and TEM images, respectively)
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Figure 3.23: TGA comparison of samples CM6 (6.7 wt% CNxNTs scaffold before
thermal treatment) and CM6T (6.7 wt% CNxNTs scaffold after thermal treatment)
102
Chapter 3. Results & Discussion. Part I
I.4 CNT-SPONGES
CNT-sponges are highly porous, flexible, lightweight and conductive, as they are
formed by entangled CNTs without insulating obstructions amongst them. CNT-
interconnectivity should be better than in CNT-polymer composites and thereby,
CNT-sponges could result very attractive for EMI shielding. The fabrication process of
CNT-sponges is not limited by a low productivity, as it is for other CNT-assembled ar-
chitectures, since these are synthesized by a one-pot chemical vapor deposition (CVD)
method. Large-scale production could enable straightforward implementation of CNT-
sponges in many technological fields [28,29].
The main properties and synthesis conditions for producing our CNT-sponges (first
reported in 2010 by X. Gui et al. [30]) are analyzed below.
I.4.1 Synthesis and general characteristics
Carbon nanotube sponges were synthesized by liquid injection-CVD. Conditions are
similar to those used for common nanotube synthesis but employing dichlorobenzene
as carbon source. Unlike macrostructures of vertically aligned CNTs over substrates,
CNT-sponges are macroscopic blocks of nanotubes that can be easily manipulated.
Besides their lightweight, sponges are stretchable, bendable and mechanically tough,
as shown in Figure 3.24.
As reported in the literature [31], the formation of CNT-sponges involves three growing
stages (Figure 3.25), which can be modulated through the synthesis conditions. CNTs
start growing from the fine catalyst seeds in the vapor phase (Figure 3.25 a). When
the carrier gas sweeps them along the quartz tube, these CNTs (labeled as 1 and 2
in Figure 3.25) are deposited over the tube walls (or substrate). In the second stage
(Figure 3.25 b), tubes 1 and 2 continue elongating, meanwhile newly formed CNTs
deposit on top of them (labeled as 3 in Figure 3.25). Since these mechanisms occur
repeatedly during the sponge growth, and as the catalyst particles inside open-ended
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Figure 3.24: CNT-sponge subjected to compression (a) and bending (b), showing
no structural damage after the process (scale bars: 1 cm)
tubes might be sucked to enable further CNT growth, the entanglement of CNTs
becomes more probable (Figure 3.25 c). This entanglement is what Gui et al. point
out to be the main difference for obtaining CNT-sponges rather than CNT powder.
Herein, the following synthesis parameters were optimized: first, at a constant carrier
gas flow rate of 2.6 L·min−1 (Ar/H2) and a 0.23 ml·min−1 precursor-solution injection
rate (ferrocene + dichlorobenzene), the thickness of CNT-sponges was checked for
times of 1, 2, 3 and 4 hours. Sponges synthesized during an hour were extremely thin
(0.8 mm). For 2 hours, the reached thickness was ∼3.1 mm, while growth for 3 and 4
caused the partial obstruction of the quartz tube by the carbonaceous matter deposited
around its walls. Lower injection rates of 0.13 and 0.18 ml ·min−1 for growth times
of 3 and 4 hours were also attempted, however, both injection rates yielded brittle
sponges, and not thicker than 3 mm.
The grow rate of CNT-sponges should be around 0.8-1 mm per hour and furthermore,
growth should not be interrupted or decreased up to 4 hours, according to previously
published works [31]. It is suggested that the growth in this study is limited by the
quartz tube diameter (1 inch), which is half the diameter of the one used in the work
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Figure 3.25: The growth mechanism of CNT-sponges involves three stages (a, b
and c). I, II and III illustrate how the growing stages lead to the thickness swell of
the sponge through the continuous elongation of first-grown tubes (1 and 2) and the
deposition of new tubes (3) on top. [31]
by Gui et al. Due to this limitation, here the synthesis time was set at 2 hours: for
injection rates of 0.13, 0.18 and 0.23 ml ·min−1, thicknesses were typically around 1.9,
2.8 and 3.1 mm, respectively, although in the latter case sponges showed again some
brittleness, hence 0.18 ml · min−1 was chosen as the optimal injection rate. CNT-
sponges acquired by the optimum conditions were highly compressible and bendable,
without any sign of brittleness (Figure 3.24).
SEM and TEM images (Figure 3.26) reveal that the material is formed by a network of
highly interconnected and randomly distributed CNTs, with average diameters close
to 23 nm and lengths ranging from tens to hundreds of micrometers. Inner residual
particles were found in some CNTs and through TGA, it was seen that these particles
constitute ca. 30 wt% of the weight of the sponge (Figure 3.27).
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Figure 3.26: SEM image of the CNT-sponge microstructure (left) and TEM image
of the CNT-sponge dispersed in ethanol using an ultrasonic tip (right) where it can
be seen that CNTs are partially filled with residual particles from the iron catalyst
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Figure 3.27: TGA of CNT-sponges:∼30 wt% of the sample is non-carbonaceous
matter, which can be mainly attributed to residues from the catalyst
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The XRD pattern in Figure 3.28 allowed to elucidate the main components of CNT-
sponges. The peak at 26.1 degrees can undoubtedly be addressed to the diffraction
contribution of the (002) planes of the hexagonal graphite lattice. The convoluted
multi-peak centered on 2θ◦ ∼ 45 can be attributed to the most intense signals of Fe3C
at 45.01, 44.60, 45.92 and 49.16 angles corresponding respectively to the (031), (220),
(112) and (221) planes.
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Figure 3.28: X-Ray diffraction pattern of the CNT-sponge (experimental data) and
the MAUD fitting considering graphite (AMCSD code: 0018291) and iron carbide
(AMCSD code: 0019097) as main phases
Raman spectroscopy was employed to evaluate the isotropy of CNT-sponges. Spectra
from the cross-section of sponges, as well as from the top and root growth faces,
are shown in Figure 3.29. Typical D- and G-bands located at 1345-1350 and 1579
cm−1, respectively, are seen in all cases. Slight variations in the intensity ratio of
these bands (ID/IG) were observed for the root growth (ID/IG = 0.67) and top faces
(ID/IG = 0.51) of the samples. These differences were attributed to a higher proportion
of defects in the root growth face, which is exposed for longer times than the top
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face to chlorine radicals formed during the decomposition of dichlorobenzene (carbon
precursor).
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Figure 3.29: Raman spectra of the cross-section, and the top and root growth faces,
of CNT-sponges
Despite the high entanglement degree, the material is ultra-light; the apparent density
(weight/volume) obtained by average of at least 8 samples, consistently showed values
lower than 0.02 g · cm−3. CNT-sponges are strongly hydrophobic (water contact angle
∼ 135◦), hence sponges are able to absorb oil quantities of about 52 times its own
weight (Figure 3.30), even at low temperatures (0 ◦C). Oil absorption measurements
in Figure 3.30, were done by recording the weight gain of sponges after immersing
them in oil and checking afterward the weight loss upon burning the absorbed oil. A
slight decreasing trend in the weight of the sample after each immersion-burning step
is seen, probably due to the thermal degradation of CNTs.
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Figure 3.30: (a) Image: water drop on top of a CNT-sponge; after one minute the
contact angle is ∼ 135◦. (b) Oil absorption capacity: samples were weighted before
and after repeatedly immersing them in cold (0 ◦C) mineral oil (sponge+oil). Samples
were then burned, to eliminate the oil, and re-weighted (sponge)
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I.5 SUMMARY
• Nanoferrites with different stoichiometries of Cu − Ni were synthesized at 700 ◦C
within mesoporous silica micro-particles (template). The Ni0.5Cu0.5Fe2O4 ferrite-
silica hybrid showed a superparamagnetic behavior and the highest saturation mag-
netization. TEM revealed Ni0.5Cu0.5Fe2O4 ferrite nanoparticles with diameters of
∼8.3 nm. Nevertheless, when annealing was done at 900 ◦C, Ni0.5Cu0.5Fe2O4 ferrite
nanoparticles showed a broader and non-symmetric size distribution, with diameters
between 15 and 80 nm. This size increment is likely responsible of the enhanced satu-
ration magnetization and hysteresis losses of this sample. The surface area decreased
sharply when the neat silica was loaded with ferrite nanoparticles, providing evidence
for the filling of the pores. However, the small reduction of the pore diameter might in-
dicate a non-homogenous filling. The surface area of the silica-ferrite hybrid annealed
900 ◦C is lower than that of the hybrid annealed at 700 ◦C, which is consistent with
the larger particle size determined through TEM and XRD. Thereby, both the tem-
perature and the silica template, play an important role in the growth of the magnetic
nanocores.
• The combination of CNFs and magnetite nanoparticles in a 50:50 weight ratio has
been achieved through a very simple protocol. XRD has proved the preservation of
the original crystallographic structure from both the magnetite nanoparticles and the
pristine CNFs upon the procedure. Although the arrangement of nanoparticles over the
surface of the CNFs is not uniform, the hybrids show a superparamagnetic behavior,
which indicates that particles are single domains.
• CNxNTs have been synthesized, oxidized and densely decorated with nearly monodis-
perse magnetite nanoparticles (7.8 nm). Anisotropic scaffolds of CNxNTs and magnetite-
decorated CNxNTs were prepared from aqueous-CHI primary dispersions via uniaxial
freeze-drying. Morphological differences of scaffolds were attributed to the dispersion
degree of nanotubes attained in the primary dispersions. Scaffolds of non-decorated
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CNxNTs (C3 and C6) showed poorer dispersion and in turn, presented less ordered
structures. Lower void areas and some big agglomerates were observed in these lat-
ter. In contrast, magnetite decorated CNxNTs showed good dispersion and scaffolds
presented a well-defined porous structure of closely packed and randomly distributed
CNxNTs in their walls (CM3 and CM6). In all cases, the density was lower than 0.07
g · cm−3, which indicates that the original amount of nanotubes is forming a perco-
lating network through a large macroscopic volume. The thermal degradation was
anticipated in samples containing magnetite, probably due to the presence of capping
agent over the nanoparticles surface and due to the inherently high thermal conductiv-
ity of magnetite nanoparticles. CM6 was subjected to an additional thermal treatment
at 360 ◦C, which did not alter the structure of the original scaffold. This treatment
might enhance further the interconnectivity of adjacent CNTs in the scaffold.
• Flexible and mechanically though CNT-sponges were synthesized through CVD.
Through the optimal conditions, sponges of at least 2.8 mm in thickness were obtained.
Sponges are composed solely by CNTs, without any polymer binder. Nevertheless,
residual particles from the CVD catalyst could be also observed within their cores.
The microstructure of the sponges showed a random distribution of interconnected
nanotubes with diameters of ∼ 23 nm. Sponges are ultra-light: their density is as low
as 0.02 g · cm−3. In addition, CNT-sponges are able to absorb huge oil quantities, in
consistency with a nearly superhydrophobic behavior.
111

COMPOSITES WITH 
MAGNETIC 
NANOPARTICLES 
AND NANOCARBONS:
Preparation and application 
to EMI shielding
PART II

Chapter 3. Results & Discussion. Part II
Results & Discussion
PART II
II.1 NANOFERRITE-SILICA EPOXY COMPOSITES
Ferrites were chosen as magnetic fillers of composites due to their inherent magnetic
loss, which can induce magnetic spin rotation and heat dissipation to the matrix [32].
This mechanism could be appropriate to protect the internal elements of electronic de-
vices from undesired EM interferences. Ni-ferrites and their substituted counterparts,
e.g. Zn, Co, Cu, Mn, have gained relevance due to their promising high-frequency ap-
plication [33]. On the other hand, Cu-ferrites have shown enhanced thermal, magnetic
and dielectric properties [8,34] and its combination with Ni, e.g. Ni1−xCuxFe2O4, has
led to materials with EMI shielding properties with maximum reflection loss (-25 dB)
for the composition of x = 0.5 [12].
Magnetic multi-scale composites were prepared by the incorporation of Cu0.5Ni0.5Fe2O4
ferrite/silica hybrids in an epoxy matrix. The interaction of this silica-ferrite rein-
forcement as well as its distribution within the matrix is evaluated with respect to the
enhancement of the thermal properties of composites. Their SE and related properties
are explored between 1 and 18 GHz.
II.1.1 General characteristics
To overcome agglomeration of nanoparticles within the matrix, it is here proposed to
keep the micron-sized silica template, employed in the first place for constraining the
magnetic cores during its growth. The unique surface chemistry of silica can provide
enhanced compatibility with polymers and might serve also to avoid the oxidation of
nanoparticles [35,36].
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Epoxy composites containing 10, 15, 20 and 25 wt% of the Cu0.5Ni0.5Fe2O4 ferrite-
silica hybrids (annealed at 700 and 900 ◦C) were prepared. 25 wt% was the maximal
loading that enabled processing, beyond this concentration the increased viscosity of
the epoxy resin made degassing unmanageable.
Figure 3.31 shows as an example, representative SEM images of the composites pre-
pared with particles annealed at 900 ◦C. The continuous dark phase corresponds to
the epoxy matrix while polyhedral light grey regions correspond to the silica particles.
Figure 3.31: Fracture surface of the ferrite/silica (annealing temperature, 900 ◦C)
epoxy composite with the different prepared compositions: (a) 10,(b) 15, (c) 20 and
(d) 25 wt%.(e) Detail of a ferrite-silica particle in the epoxy matrix and (f) represen-
tative overview of the dispersion degree
The resolution of images is not high enough to observe the ferrite nanoparticles, but
very small spherical brighter features are intuited (Figure 3.31 e). No evident voids
are seen at the silica/epoxy interface, which indicates a good interaction between the
particles and the matrix. Additionally,homogeneous dispersions of the micro-particles
within the whole composite cross-section were achieved (Figure 3.31 f). Since the
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ferrite nanoparticles are constrained inside these micron-sized particles, the micro-
homogeneity implies that the ferrite particles are dispersed at the same extent than
the micron-sized silica particles. In turn, the nano-dispersion has also been achieved
by means of simple low-energy mechanical mixing.
In order to evaluate further the interaction between the hybrid ferrite-silica particles
and the matrix, the glass transition temperature (Tg) of the composites was deter-
mined by DSC (Table 3.5). An increase in the Tg of all samples is seen when compared
to the neat epoxy. This effect has been previously reported for other polymer-based
composite materials at comparable inorganic-filler loadings [37,38] and epoxy-based com-
posite materials with rough surface inorganic particles [39,40]. The local reduction of
the free volume of the polymer chains nearby the filler surface enhances the interaction
between both phases. Therefore, increasing the polymer/filler contact surface (high
specific surface area fillers) may also contribute to hinder the polymer motion [41].
Table 3.5: Glass transitions temperatures for ferrite-silica/epoxy composites for
particles annealed at 700 ◦C (Tg700) and at 900 ◦C (Tg900)
Filler, wt% 0 10 15 20 25
Tg700,
◦C 215 216 220 222 221
Tg900,
◦C 215 216 217 220 218
This Tg increase is observed for both ferrite-silica composites up to 20 wt%. Never-
theless, it is more relevant for the ferrite-silica particles prepared at 700 ◦C, which
consistently showed a higher surface area.
The thermal stability of composites was evaluated by TGA in air atmosphere (Fig-
ure 3.32). None of the recorded thermograms showed hydration loses at low tempera-
tures (≤ 200 ◦C), which is a common problem observed for epoxy resins modified with
hygroscopic fillers such as silica [42]. Furthermore, two weight loses were observed in
all cases, as in many other epoxy-based materials [43,44].
As reported elsewhere, these weight loses are related to the commonly accepted three-
step degradation mechanism of epoxy networks: First, at ∼ 240 ◦C, homolytic cleavage
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without significant weight loss takes place and subsequently, a major weight loss is
caused by the dehydration of the alcoxy groups, followed by the formation of double
bonds. The final degradation step, occurring at about 530 ◦C, can be ascribed to the
oxidation of the residual species formed after the thermal degradation in air through
different reaction mechanisms involving radicals from the initial stages of degradation.
All composites were found to be stable, at least up to 340 ◦C. In all cases, the onset
decomposition temperature (T5%, Table 3.6) shifted towards higher temperatures when
compared to the neat epoxy.
Figure 3.32: TGA curves for composites with ferrite-silica particles annealed at:
700 (a) and 900 ◦C (b)
Since several overlapping degradation steps are observed, the integral procedure decom-
position temperature (IPDT) seems to be a more appropriate parameter to investigate
the global thermal stability of composites [45]. According to Doyle et al. [46] the IPDT
can be defined as:
IPDT = A ·K(Tf − Ti) + Ti (3.3)
Where Ti and Tf are the initial and final experimental temperatures respectively, A is
the ratio between the area below the experimental TGA curve (S1+S2) and the total
area of the thermogram (S1 + S2 + S3); and K represents the ratio between the area
below the experimental TGA curve (S1+S2) and the area of only the residual part of
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the experimental curve (S2), as given by:
A =
S1 + S2
S1 + S2 + S3
(3.4)
and
K =
S1 + S2
S2
(3.5)
The IPDT values are summarized in Table 3.6. Results show that the thermal stability
of composites increases with the content of the inorganic filler, independently of its
type (annealed at 700 or at 900 ◦C).
Table 3.6: Onset decomposition temperature (T5%) residual weight percentage and
IPDT for the ferrite-silica/epoxy composites
Particles synthesized Particles synthesized
at 700 ◦C at 900 ◦C
Filler, Residue, T5%, IPDT, Residue T5%, IPDT,
wt% wt% ◦C ◦C wt% ◦C ◦C
0%a - 340 316.2 - 340 316.2
10% 10.8 258 410.9 10 357 404.9
15% 17.6 365 489.7 14.6 344 452.7
20% 20.7 351 529.4 22.4 369 554.3
25% 25.8 342 606.9 26.8 362 623.3
aThe values obtained for the neat resin are included for comparison
An improvement in the thermal stability of the organic matrix may be expected solely
by the fact that silica has an inherently high thermal stability [47]. Nevertheless, the
inhibition of the matrix decomposition during the calcination process could be also
attributed to a mass transfer barrier effect [48] and to improved adhesion at the filler/-
matrix interface [49]. This improvement is consistent with the Tg increment observed
by DSC.
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II.1.2 EMI shielding and complex permittivity/permeability analysis
The total electromagnetic shielding efficiency (SET ) of the ferrite-silica composites is
presented in Figure 3.33, within 1 and 18 GHz. All samples, including the neat epoxy
resin (RTM6), exhibit a sinusoidal profile with a modest increasing tendency with
frequency. In a general way, maximum SET values do not exceed 2 dB (less than a 1.6
power change), which means that silica-ferrite composites render poor EMI shielding
efficiency.
Figure 3.33: Total shielding efficiency (SET ) of epoxy composite slabs (thickness:
11 mm) prepared with ferrite-silica particles annealed at 700 (left) and 900 ◦C (right)
Although all composites showed a ferromagnetic behavior when placed near a magnet,
they all have low loads of magnetic inclusions (∼ 23 wt% from the net silica-ferrite
loading). Therefore, their saturation magnetization should fall even to lower values
than those observed for the silica-ferrite hybrid materials (4.06 and 7.47 emu · g−1 for
annealing temperatures of 700 and 900 ◦C, respectively). The poor SET values could
be attributed to this fact. The limitation of processing composites with higher ferrite-
silica concentrations suggests that for EMI shielding applications, these materials are
still far from the expected EM behavior. Indeed, in most magnetically active EMI
shielding composites the loading at which the magnetic nanoinclusions start to be
noticeable is steadily above 50-70 wt%.
120
Chapter 3. Results & Discussion. Part II
The sinusoidal shape of the curves can explained through the evaluation of the re-
flection component of the total shielding efficiency, while the ascendant trend can be
ascribed to the absorption component. As observed in Figure 3.34 (bottom), SE by ab-
sorption (SEA) increases with frequency for all composites and its magnitude slightly
increases with the silica-ferrite loading.
Figure 3.34: SEA (bottom) and SER (top) of epoxy composites prepared with
ferrite-silica particles annealed at 700 (left) and 900 ◦C (right)
For each weight percentage, composites prepared with silica-ferrites annealed at 900 ◦C
systematically show slightly higher SEA values than their 700
◦C counterparts. Fig-
ure 3.34 (top) also shows how the SE due to reflection (SER) presents the same equidis-
tant dips than SET , which correspond to minimum reflection values. This observation
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can be explained by considering the reflections that occur in electromagnetically thin
slabs or slabs that are thinner than their skin depth.
The skin depth (δ) decreases for increasing frequency (f), conductivity (σ) and per-
meability (µ). In these composites, the electrical conductivity is negligible, since they
are composed of two intrinsically insulating materials (polymer, silica σ ∼ 10−11-10−15
S ·m−1) and non-interacting ferrite nanoparticles. For these 11 mm-thick slabs, the
skin depth is always greater than the sample thickness therefore, EM waves will be
able to fully penetrate the cross-section of materials. At the front-face of slabs (input
surface) EM waves will be partially reflected, due to the impedance mismatch between
air and the material, and the rest will penetrate until it reaches the second incident
plane of slabs (output surface). At this point, the wave will be partly transmitted out
from slabs and will also get reflected back to the source. Reflections occurring at both
surfaces of slabs (input and output) will interfere destructively or constructively and
therefore maximum and minimum reflections will be recorded at certain frequencies
(Figure 3.35). Minimal reflection dips are observed when the thickness (tm) and the
wavelength of the propagating medium (λm) are “matched” or satisfy the condition of
tm = nλm/4 (n = 1, 3, 5, 7, 9 . . . ), hence the number of dips increases with the sample
thickness [50].
The magnitude and position of these dips are not exclusively determined by the sample
thickness, as they depend also on the wavelength of propagation in a medium with
certain complex permittivity and permeability. This propagating wavelength can be
expressed by [51]:
λm =
λ0
(|µr||r|)
1
2
(3.6)
where |µr| and |r| correspond to the modulus of complex relative permeability and
permittivity of the propagating medium respectively, and λ0 is the wavelength of free
space (λ0 = c/f).
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Figure 3.35: a) Schematic illustration of the destructive interference between the
reflected waves impinging on a slab of thickness (t) that satisfies the condition of
t = λ/4 [52]. b) Reflections that occur at the input and output interfaces of an elec-
tromagnetically thin slab
As seen in Figure 3.34, the dips in SER are shifted towards lower frequencies when
the filler wt% is increased in both composite series. Similar observations have been
reported for other ferrite-polymer composites [53,54] that were designed to serve as ef-
fective quarter-wave thick absorbing layers (Appendix A). This phenomenon implies a
change in the complex relative permittivity and/or complex relative permeability with
the filler loading. Recalling previous definitions, complex permittivity () and perme-
ability (μ) magnitudes are described by an imaginary component (′′ or μ′′) related to
the loss of energy and a real component (′ or μ′), which gives information about the
stored EM energy.
The effect of the silica-ferrite loading on the permittivity of composites is shown in
Figure 3.36. The real part increases with the filler loading while the imaginary part
remains almost unaltered for both sets of composites.
In general, the dielectric loss (imaginary permittivity) of polycrystalline ferrites is
commonly attributed to the electron diffusion between iron ions in different oxidation
states (Fe3+ and Fe2+) which in turn causes some conduction [10,55]. But this effect was
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Figure 3.36: Complex permittivity of ferrite-silica composites: particles annealed
at 700 ◦C (left) and annealed at 900 ◦C (right). For both sets of composites: full
symbols correspond to the real permittivity and open symbols to the imaginary part.
Symbols for each composition: 10 wt%(J), 15 wt%(), 20 wt%() and 25 wt%(•)
inferred to be rather low in Cu−Ni ferrites synthesized at similar temperatures as the
herein reported, due to the low probability of promoting different valence states with
low sintering temperatures [56]. In the ferrite-silica composites, this type of conduction
can be neglected solely by the fact that the measured permittivity depends not only on
the local conduction between the ferrite nanoparticles (which are constrained inside the
silica microparticles), but also on their long range percolation throughout the polymer
matrix. In addition, both the silica and the polymer matrix are characteristically
low dielectric loss materials, which justifies the small magnitude of the imaginary
permittivity of all samples.
Real permittivity is related to the degree of polarization and, in the GHz range, it
arises mainly from dipolar and interfacial polarization processes [57]. The magnitude of
′ is rather low in all composites, since the main constituents (silica and epoxy) have
low dielectric constants. The real permittivity of both sets of composites increases with
the filler loading (increased number of interfaces), although a slight discrepancy is seen
for the composition with 15 wt%. Furthermore, a broad peak is seen at 8-9 GHz for
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all compositions, which coincides with a sharp peak in the imaginary permittivity. Al-
though the fundamental understanding of the origin of this peak cannot be established,
we hypothesize that it might imply a dielectric relaxation in the system.
The variation in permeability with the silica-ferrite loading is shown in Figure 3.37.
For both sets of composites, the real part decreases with the filler loading while the
imaginary part does not show any clear tendency. A similar behavior (trend and
magnitude) has been observed for other ferrite-polymer composites and even for very
high magnetic-phase loadings [58,59].
Figure 3.37: Complex permeability of ferrite-silica composites: particles annealed
at 700 ◦C (left) and annealed at 900 ◦C (right). For both sets of composites: full
symbols correspond to the real permittivity and open symbols to the imaginary part.
Symbols for each composition: 10 wt%(), 15 wt%(), 20 wt%() and 25 wt%(•)
Magnetic loss (imaginary permeability) arises from hysteresis, motion of magnetic
domain walls, eddy current losses and natural ferromagnetic resonance [60]. Hysteresis
loss for both types of ferrite-silica particles (annealed at 700 and 900 ◦C) is almost
negligible (see section I.1.2, Figure 3.6). Furthermore, magnetic domain wall resonance
occurs normally in-between 1 and 100MHz, and since ferrite nanoparticles are isolated
from each other, at least at some extent, eddy current losses should be also negligible.
Thus, in these ferrite-silica hybrids, the energy loss should be mainly associated to the
natural resonance, which for nanometric magnetic particles, could occur in the GHz
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range [61]. In such situation, a broad magnetic resonance peak should be observed
in the imaginary permeability (loss), accompanied by a steep decrease in the real
component (gain). In our composite systems, the imaginary permeability presents
several peaks, although their magnitude is small enough to consider them fluctuations
from the measuring system. We are therefore not able to discern any magnetic process
that occurs in composites prepared with the specified ferrite-silica loads. This could
be the underlying reason for the poor SE ability observed in all composites.
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II.2 EPOXY COMPOSITES WITH MAGNETITE
NANOPARTICLES AND CARBON NANOFIBERS
CNFs have been extensively incorporated in polymer matrices essentially due to their
high electric conductivity and aspect ratio [62–67]. These characteristics enable prepa-
ration of affordable CNF composites with a remarkable efficiency towards EMI shield-
ing [68,69]. Since the combination of nanocarbons with magnetic constituents can en-
hance the EM loss of such composites [70], it is yet possible to find some works in the
literature where CNFs have been combined with magnetic particles; for example with
Fe − Ni particles [71], or with both graphene and γ − Fe2O3 particles to increase si-
multaneously the conductivity and the EM loss [72]. However, due to the small fraction
of magnetically permeable particles found in most reported works, it is still unclear
if enhanced EM absorption can be truly attributed to the effect of the magnetic con-
stituent.
In this section, the EMI shielding behavior of thermosetting composites containing
CNFs or magnetite nanoparticles is compared with that of composites containing
magnetite-decorated CNFs in a 50:50 weight ratio7.
II.2.1 General characteristics
Magnetite-decorated CNFs were mixed with the epoxy resin to obtain 2, 5 10 and
20 wt% composites. Representative SEM images of cured specimens are shown in
Figure 3.38. For the composite with the lower wt%, it can be seen a clean fracture
surface, which is characteristic of brittle epoxy resins. As the wt% increases,rougher
surfaces are observed, suggesting a reinforcing effect due to the presence of the CNFs.
Low-magnification images show a uniform dispersion of decorated CNFs within the
matrix. Moreover, no evident fiber pullout, phase segregation or interface voids are
seen.
7CNF-based composites were fabricated and their experimental characterization was carried out by
N. Me´ndez as part of a collaborative research project.
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Figure 3.38: SEM images of nanocomposites with different CNF/Mag loads where
it is seen the different fracture type when the content of reinforcement is increased.
Left: composite with a 5wt% CNF/Mag loading showing a clean fracture surface;
right: composite with a 20wt% CNF/Mag loading
The influence of CNT/Mag wt% on the glass transition temperature (Tg) of composites
was evaluated through DSC. As can be seen in Table 3.7, the Tg decreases in all
samples, except for the one containing a 5 wt% of filler, when compared to the neat
epoxy. This effect has also been observed in other nanocarbon/epoxy composites [73].
Some theoretical works suggest that a slight decrease in the Tg might be expected in
well-dispersed nanocomposites due to a more compressible interface [74]. In addition,
since the magnetite particles are covered with oleic acid chains, these could as well
induce some plasticity at the filler/matrix interface, hence the decrease in the Tg.
Table 3.7: Glass transitions temperatures (Tg) of the epoxy composites with varying
loads of CNT/Mag
Filler, wt% 0 2 5 10 20
Tg, ◦C 77 72 77 65 72
For comparison purposes, composites with equivalent concentrations to those of the
CNF/Mag composites (2, 5 10 and 20 wt%), were prepared though the incorporation
of either pristine CNFs (epoxy-CNF) or magnetite particles (epoxy-mag) in the resin.
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As the weight ratio of CNFs to magnetite particles is 50:50 for the CNF/Mag compos-
ites, the following weight fractions were selected for the epoxy-CNF and epoxy-mag
composites: 1.2, 2.5, 5 and 10 wt%. In this way, either single-phase composite has
an equivalent amount of magnetite or CNFs than their CNF/Mag analogues. The
representative TGA (under N2 atmosphere) shown in Figure 3.39 corroborates the
equivalency of such composites.
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Figure 3.39: TGA curves performed under N2 atmosphere of the epoxy resin
(HDGEBA), epoxy-CNF or epoxy-Mag composites with a load of 10 wt% and
CNF/Mag-epoxy composite with the equivalent 20 wt% load
II.2.2 DC-electrical conductivity
Results on the DC electrical conductivity of composites with CNF and CNF/Mag
are shown in Figure 3.40. The conductivity of the neat epoxy is below the detection
limit of the instrument used in these measurements, since it is an insulating material
(σ ≈ 10−15 S · m−1). The values obtained for the composites with decorated and
non-decorated nanofibers increase with the CNF concentration, ranging between 10−6
(typical for insulating materials) to 0.2 S ·m−1 (typical of semiconductors) for 1 and
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10 wt% respectively. A similar trend in conductivity was observed for CNF/Mag
composites, but the values were one order of magnitude below the ones observed for
pristine CNFs. The elevated conductivity values of composites containing the lowest
CNF and CNF/Mag concentrations indicate that even at low loadings, the system is
beyond the percolation threshold.
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Figure 3.40: DC conductivity of CNF (©) and CNF/Mag (4) composites as a
function of filler volume fraction. Solid lines are the best fit to σ ∝ (φ− φC)t. Inset:
DC conductivity as a function of φ
−1
3 (see text for details)
The percolation threshold is related to the contact between fibers and depends strongly
on their aspect ratio and dispersion degree. Thereby, it is difficult to compare results
from different authors: reported values for CNF polymer composites might be between
7-8 wt% [75] or 0.5-1 wt% [76]. This discrepancy could be avoided by analyzing the data
in terms of the percolation theory [77], having the conductivity (σ) as a function of
the volume fraction (φ) as given by: σ ∝ (φ− φC)t, where φC represents the volume
fraction at the percolation limit. As shown in Figure 3.40, percolation thresholds of
0.6 and 0.1 vol% were obtained for CNFs and CNF/Mag respectively (see the vol%
and wt% correspondences in section 2.1.2). The exponent t ∼ 2.2 was the same for
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both fillers within the experimental error, being in accordance with reported values for
analogue polymer/conductor composites [78].
The fact that both fillers (pristine CNFs and CNF/Mag) present a very similar perco-
lation threshold indicates that the adsorbed magnetite does not appreciably alter the
dispersion process of the filler. In similar polymer/conductor disordered systems, elec-
tronic conduction has been explained in terms of fluctuation-induced tunneling [78–80].
In this theoretical framework, electron transfer through the insulating gaps between
conducting fibers or clusters, is what determines the bulk electrical conduction. Con-
ductivity is then given by the minimum separation distance between CNFs, or the
conductor-conductor junction width, and theory predicts log σ ∝ r · ξ−1, where r is
the distance between the centerlines of adjacent conductors and ξ is the characteristic
tunneling distance [81].
In consistency with the work of Connor et al. [78], the gap width of filler-filler junctions
are proportional to φ
−1
3 and as a consequence, log σ should vary linearly with φ
−1
3 .
As shown in the inset of Figure 3.40, a linear variation is observed when log (σ) is
plotted against φ
−1
3 . This suggests that in both systems (composites of CNFs and
CNF/Mag) electron conduction indeed occurs through fluctuation-tunneling and that
the conduction gap-width in CNF/Mag is similar to that of the composite with pristine
CNFs. However, the lower intercept found for the CNF/Mag composites might indicate
a reduced junction contact area. It seems that the oleic acid capped magnetite particles
adsorbed on the CNF do not modify the contact width, but reduce the surface portion
of the fibers or clusters available for electron tunneling. This fact is well in agreement
with the TEM observations discussed previously.
II.2.3 Dielectric permittivity and magnetic permeability
II.2.3.1 Composites containing magnetite nanoparticles only
The magnetic permeability of composites containing magnetite nanoparticles is shown
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in Figure 3.41. Although the fraction of magnetic inclusions is relatively high (higher
than that employed in the ferrite-silica composites, section II.1), neither broad peaks
in the imaginary permeability nor magnetic relaxations in the real component are seen,
suggesting a poor magnetic activity. Therefore, the wavy trend in both magnitudes
was attributed to fluctuations due to the experimental uncertainty. In all cases the real
magnetic permeability is close to one and the imaginary part to zero. Nevertheless,
it is possible to discern that the composite with the highest wt% presents a µ′ value
slightly higher that one and higher than the rest of composites, which could imply that
nanoparticle fractions higher than 10 wt% are needed to observe a change in µ′ and
obtain an enhanced magnetic response.
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Figure 3.41: Complex permeability of the epoxy/Mag composites. Real permeabil-
ity of composites with concentrations of: 1% (J), 2.5% (), 5% () and 10% (•).
The symbols of the imaginary components correspond to the ones listed for the real
part but as open symbols
The values of real and imaginary permittivity are presented in Figure 3.42. Super-
imposed over a general decreasing trend, some maxima and minima are seen. This
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feature might be related to the sample thickness, due to their poor conductivity and
small permittivity magnitude.
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Figure 3.42: Complex permittivity of the epoxy/Mag composites. Real permittivity
of composites with concentrations of: 1% (J), 2.5% (), 5% () and 10% (•). The
symbols of the imaginary components correspond to the ones listed for the real part
but as open symbols
The effect of the magnetite nanoparticles on the dielectric properties of the composites
is small. Only a slight increase in ′ with the concentration of magnetite is observed
at 1 GHz: from ≈ 3, for the neat epoxy, to ≈ 3.4, for the Mag 10 wt%. The loss
tangent remains constant and very close to zero (0-0.04), for all compositions and
frequencies, indicating that losses are negligible. This result reflects a weak interaction
with the electric field and between the electric dipoles of nanoparticles, which can
be addressed to the lack of interconnectivity between the nanoparticles, even for the
sample with the highest magnetite content. This is in reasonable agreement with
the work of Ali-zade [82], which states that for magnetite particles with a similar size,
below volume fractions of ca. 0.03 electric dipole interactions between nanoparticles
can be neglected. In addition, the percolation limit reported for hard-core spherical
particles of ≈ 10 nm diameter is around 16 vol% [83–85], which is far above the maximum
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amount used in this work (≈ 5 vol%). Therefore, assuming a purely real permittivity,
the effective permittivity of our epoxy/magnetite composites should follow a simple
rule of mixtures. Among the equations that have been proposed for non-interacting
systems of particles below the percolation limit [86], we have selected the Cummings
equation due to its simplicity:
log (eff ) =
∑
φi log (i) (3.7)
where φi and i are the volume fraction and permittivity of the i-th component. The
calculated value is 38± 3 within the frequency range of 3.6× 108 − 81.7× 1010 Hz, in
excellent agreement with the reported values within a narrower frequency range [87].
II.2.3.2 Composites of CNFs and CNF/Mag
The real permittivity (′, stored energy) of systems that are composed by dielectric/-
conductor phases is a direct measure of the relationship between polarization and the
applied field [88]. In contrast, energy loss mechanisms are represented by the imaginary
permittivity (′′), which represents both the conduction loss and the dielectric loss [89].
The conduction loss is mainly associated to the materials ohmic resistance, while the
dielectric loss is generated by the induced polarization when the AC field interacts
with the material. In the latter case, the loss in the GHz range can be mainly related
to electric dipolar polarization rather than to electron or ion polarization [90], and in
CNT/polymer composites is associated to the migration and accumulation of charge
at the CNT/polymer interfaces (Maxwell–Wagner–Sillars polarization [91]).
To be able to contrast the ohmic and the dielectric behavior of our samples, we have
analyzed both ′ and the AC-conductivity (σ′ = 2pif′′) as shown in the double log-
arithmic plots of Figure 3.43. In a general view, composites show decreasing and
increasing tendencies with frequency for both ′ and σ′, respectively.
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Figure 3.43: Double logarithmic plots of the real permittivity ′ (top plots), and
conductivity σ (bottom plots) for: Epoxy/CNF (left), and Epoxy/CNF/Mag com-
posites (right). Mass compositions are indicated in the insets. Lines correspond to
the best linear fits of the initial portion of the curves
The frequency (f) dependence of σ′ and ′, is typically explained in terms of the
percolation theory of fractal structures [78,92], which considers σ ∝ fx and  ∝ f−y,
and where the exponents follow the general relation x+ y = 1 [93,94]. Linear fits of the
first initial portions of plots in Figure 3.43 (a and b) yielded the following averaged
values for both CNF and CNF/Mag systems: x = 0.81±0.09 and y = 0.12±0.06, well
in agreement with the theory.
However, a further insight in the individual σ′ revealed that CNF/Mag composites
present slightly higher x values than those of their pristine CNF analogues, suggesting
that conductivity of CNF/Mag might be changing with frequency in a greater extent.
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Meanwhile, with regard to the y value, it can be seen that the frequency-dependent
tendency of ′ starts at smaller wt% in CNFs than in CNF/Mag.
As illustrated in Figure 3.44, dielectric/conductor composites above percolation can be
represented as the equivalent circuit formed by a capacitor (C) connected in parallel
with a resistor (R) [95]. The capacitor represents those conductor/conductor junctions
with non-negligible interparticle gap, thus having dielectric polymer regions within
them prone to polarization. In accordance, the resistor represents the percolation
paths formed by conductive inclusions with negligible interparticle gap, which present
a non-frequency dependent conductivity (ohmic loss).
Figure 3.44: Illustrative simplification of the equivalent circuit model for describing
the permittivity and the AC-conductivity dependence on frequency [96]
When such equivalent R− C circuit is subjected to an AC-field, the conductivity can
be expressed as the complex admittance (Y ) [97], which determines, in analogy, how
easily the circuit allows current to flow through its R − C elements. The change of
Y with frequency (f) can be expressed as a function of the resistance (R) and the
capacitance (C) of the corresponding elements of the equivalent circuit as [97]:
Y = Y ′ + jY ′′ =
1
R
+ j2πfC (3.8)
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Capacitive, or dielectric, losses are those that change with frequency, while resistive,
or ohmic, losses do not depend on it [98]. At high enough frequencies, the potential
energy needed for electrons to tunnel from one delocalized site to another decreases.
In consequence, the impedance associated to the capacitive element diminishes and it
contributes to lower the resistance of the bulk material to the transmission of electric
charge. This implies that Y is enhanced due to favored spatial displacement of polar-
izable charges in the capacitive element. The crossover frequency (ω0), at which con-
ductive composites start to show the influence of capacitors, is related to the frequency
of the applied field and to the closest conductor-conductor distance [99]. Thereby, ω0
is higher for composites in which adjacent CNTs are closer to each other, or, in other
words, when the resistive element dominates.
Since the AC-conductivity arises from σ′ = 2pif′′ [100], it has the contribution of both
dielectric and ohmic losses indistinctly. As here the frequency is considerably high
(GHz), none of the composites show a clear slope tendency change (ω0). However,
DC-conductivity measurements (II.2.2) showed that ohmic losses were lower for sam-
ples containing CNF/Mag, therefore, their slightly higher x values could suggest that
dielectric losses might be superior in these samples than in those containing only CNFs.
The slope differences observed in ′ vs. f plots (y values) can be analyzed through the
behavior of the capacitive element of the equivalent circuit. The capacitance, or the
ability of storing charge, is enhanced whenever the distance between the conductors
forming the capacitor decreases and when polarization between them is strong. Since
′ is a direct measure of the polarization, its decreasing trend with frequency, for
all compositions, is a consequence of dipoles not being able to follow the alternating
electric field at high frequencies [88].
On the other hand, when the wt% of conductive inclusions increases in composites,
the average conductor-conductor distance decreases and the capacitance is enhanced.
At low wt%, the capacitance is almost unaltered, as the conductive inclusions are not
close enough therefore, ′ does not show a strong dependence with frequency. As the
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wt% increases, the conductor/polymer/conductor gaps are reduced and suffer strong
polarization processes (Maxwell–Wagner–Sillars polarization [91]), which in turn are
traduced in higher capacitances and enhanced ′ values. The frequency-dependent
tendency of ′ starting at smaller wt% in CNFs than in CNF/Mag, might corroborate
that magnetite does not modify the contact width between fibers, but probably reduces
the availability of surface portions prone to form contacts. Thereby, when CNF/Mag
composites start to present the frequency dependent behavior, polarization is stronger
than in CNFs, as evidenced by the higher y value of CNF/Mag 20 wt% in comparison to
CNF 10 wt%. This observation, in accordance to the enhanced dielectric losses found
in CNF/Mag composites, might validate the assumption that magnetite nanoparticles
confer additional dielectric mechanisms of energy dissipation.
The magnetic permeability of composites is shown in figure Figure 3.45.
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Figure 3.45: Complex permeability of the epoxy-CNF/Mag composites with con-
centrations of: 1% (J), 2.5% (), 5% () and 10% (•). The symbols of the imaginary
components correspond to the ones listed for the real part but as open symbols
In contrast to the electric permittivity, the magnetic permeability showed real and
imaginary components close to one and zero respectively. Neither broad peaks or
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relaxations nor enhancements in comparison with epoxy-Mag composites are seen,
suggesting again a poor magnetic activity.
II.2.4 Shielding efficiency
The SE behavior of all samples can be represented by that observed for the higher com-
positions of both systems (CNF10 and CNF/Mag20), which showed the highest SEs.
As shown in Figure 3.46 a, the total SE (SET ), as well as the absorption (SEA) and
reflection (SER) components, increase steadily with frequency. The most important
feature in this graph is that above 3-4 GHz, the main contribution to SE is absorption
(SEA), while reflection (SER) remains very low. The absorption contribution increases
with frequency, reaching a maximum value of 18 dB for CNF/Mag 20 and 12 dB for
the one that only contains 10 wt% of CNFs. Concerning the reflection component,
typical multiple maxima related to reflections from the output interface of the slab are
observed at low frequencies. As earlier addressed (see section II.1.2, Figure 3.35), these
maximum and minimum dips appear when samples are electromagnetically thin or, in
other words, when slabs are thinner than their skin depth. In these composites, since
conductivity increases with frequency and therefore the slabs become electromagnet-
ically thick at some point, these dips are only observed at low frequencies. Above 4
GHz, the reflection component remains at a very low level (∼ 1 dB).
The higher attenuation of CNF/Mag composites in comparison to those containing
equivalent loads of CNFs, suggests a synergistic shielding behavior when magnetite
particles and CNFs are combined. Indeed, Figure 3.36 shows that the absorption coef-
ficient, non-dependent on the sample thickness (dB ·cm−1), increases in a higher extent
for samples containing both magnetite and CNFs, especially for the highest contents.
In detriment of electrical conduction, the presence of magnetite over the fibers might
decrease the total contact area for electron diffusion between CNFs (see section II.2.2,
Figure 3.40), however, as it became apparent in the discussion of dielectric results, the
combination of CNFs with magnetite nanoparticles might also induce an additional
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Figure 3.46: a) Electromagnetic shielding efficiency of CNF10 (black) and
CNF/Mag20 (red) composites showing the total shielding efficiency (SET , solid lines),
absorption shielding (SEA (dash-dots) and reflection shielding (SER, dashes) compo-
nents for both samples. Thickness of specimens: 13 mm. b) Absorption coefficients
for CNF (dash-dots), CNF/Mag (solid lines) composites with the compositions indi-
cated in the inset
energy dissipation mechanism. The influence of the magnetic character of the parti-
cles in this observation remains unclear, since µ′ ≈ 1 and µ′′ ≈ 0 in all cases. It is
therefore suggested that the incorporation of magnetite nanoparticles may not turn
the fibers magnetically active enough, but might be responsible of an enhanced inter-
facial polarization process [98]. Composites with nanoparticles (CNF/Mag) present an
increased number of interfaces, hence their higher ′ values, which can polarize and
activate this new absorption path of EM shielding.
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II.2.5 Power balance: reflectivity
If most of the incident EM power is reflected at the surface of conductive shields, these
cannot be considered efficient EMI absorbers, even if these present high SEA values.
Since the absorption component of the SE, equals to SEA = 10 log ((PI − PR) /PT )
and thereby, expresses the relative attenuation of EM power that has not been pre-
viously reflected at the input interface of slabs [101,102], in order to determine if our
conductive composites can be employed as EMI absorbers it is necessary to evaluate
the absolute PA, PR and PT values (see section 2.3). Absolute power values are re-
lated to the direct outputs of the characterization equipment (S-parameters) and give
complementary information about reflection that inherently occurs when EM waves
strike conductive surfaces. The absolute power balances of composites that showed
the highest conductivity values thus, having the highest CNF or CNF/Mag content,
are shown in Figure 3.47.
a) b)
Figure 3.47: (a) Absorbed (PA), reflected (PR) and (b) transmitted (PT ) power of
CNF10 (open symbols) and CNF/Mag20 (full symbols)
As observed in Figure 3.47 a, there are only slight differences in the absorbed powers
of both samples. These are due to differences in the reflected power. For example,
at 17 GHz, the reflected power of sample CNF is lower than that of CNF/Mag but
the absorbed power is the same for both samples. Although this result may appear
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to contradict results of Figure 3.46, in which CNF/Mag samples consistently showed
higher absorption than CNF samples, it merely indicates that less energy is entering
into the sample. Thereby, less energy is being absorbed. The effect of magnetite on
the CNF/Mag composite can be clearly seen in Figure 3.47 b, where the transmitted
power is considerably lower for CNF/Mag 20 than for CNF 10 therefore, assuring EM
waves are able to penetrate into our CNF and CNF/Mag composites for then being
dissipated through absorption.
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II.3 COMPOSITES OF POLYMER-INFILTRATED SCAFFOLDS
Since the SE is enhanced with conductivity and the aspect ratio of nanocarbons, CNTs
can lead to composites with higher SEs than those having CNFs. However, due to the
high tendency of CNTs to form agglomerates, adequate conductivities to attain high
SEs (≥ 20 dB) are normally achieved only with high CNT loads.
3D-scaffolds of CNTs were prepared with the purpose of increasing the conductivity
and reducing the fraction of CNTs in composites. In all cases, scaffolds showed den-
sities lower than 0.07 g · cm−3, which indicates that CNTs are forming a percolating
network within a large macroscopic volume. The large free volume of these hierarchi-
cally assembled CNT-scaffolds enabled infiltration with an epoxy resin to obtain the
nanocomposites discussed below.
II.3.1 General characteristics
II.3.1.1 Morphology of the infiltrated scaffold composites
Figure 3.48 shows representative images of the composites prepared through infiltration
of scaffolds containing magnetite-decorated CNxNTs (CM3, CM6) and non-decorated
CNxNTs (C3 and C6).
In addition, the morphology of the annealed (360 ◦C) and infiltrated CM6 scaffold
(CM6T) was also checked to assure the structure did not collapsed with the thermal
treatment (Figure 3.49). The transversal sections of all composites indicate original
structures were preserved upon the infiltration, since the walls of scaffolds (black re-
gions) show the same morphology than the non-infiltrated structures (see sectionI.3.2,
Figure 3.19 and Figure 3.18).
The surface of composites shows a different fracture in the walls of scaffolds than in
those zones where there is only polymer (Figure 3.48). Epoxy resins are in general
brittle, and their cryogenic fracture results smooth and clean. In these composites it is
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Figure 3.48: SEM images of the infiltrated composites: a) C3, b) C6, c) CM3, d)
CM6. e) and f) representative lower- and higher-magnification images to show the
effect of the CNT load in the fragile fracture of the matrix
observed that CNxNTs in the walls of scaffolds somehow restrain the resin’s fragility,
since a disruption of the fragile fracture is seen at these zones. Besides, the lack of
voids at the scaffold/resin interface suggests a good interaction between CNxNTs and
the epoxy matrix.
II.3.1.2 Thermal characterization of C3, CM3, C6 and CM6
The Tg of composites with decorated and non-decorated nanotubes (C3, CM3, C6 and
CM6) did not decrease in comparison to the neat epoxy. Composites with the highest
nanofiller loads (C6 and CM6) showed slightly higher Tg values when compared to the
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Figure 3.49: SEM of the composite with the thermally treated scaffold (CM6T)
neat resin (Table 3.8), which suggests that interactions at the scaffold-matrix interface
are not worsening the properties of the resin.
Table 3.8: Glass transitions temperatures (Tg) of the composites
Scaffold HDGEBA C3 CM3 C6 CM6
Tg, ◦C 79 79 79 80 81
The thermal stability of composites was evaluated by TGA (Figure 3.50). The degra-
dation profiles of all composites are very similar to that of the neat epoxy, which starts
degrading at ∼320 ◦C. For composites, after the first weight loss (300-360 ◦C), it
appears that the degradation of CNxNTs (decorated and non-decorated) is coupled to
the degradation steps of the epoxy resin, occurring at 400 and 562 ◦C. In the case
of composites of scaffolds containing non-decorated CNTs (C3 and C6) the ultimate
degradation step occurs at almost the same temperature than for the epoxy. suggest-
ing that the thermal stability of composites is not severely modified by the addition of
the filler. In the case of composites having magnetite-decorated CNxNTs (CM3 and
CM6) this last degradation step is shifted towards lower temperatures when compared
to the neat epoxy and to composites with non-decorated CNTs. This observation is
consistent with the TGA analysis made for the non-infiltrated scaffolds (see section
I.3.3, Figure 3.21).
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Figure 3.50: TGA of the composites (black) and the neat epoxy resin (red): a) C3,
b) CM3, c) C6 and d) CM6
TGA results of maximal degradation rates and residual masses are summarized in
Table 3.9. In all cases MR% is extremely small. Although this residual mass can only
correspond to original wt% of magnetite in CNxNTs (for CM3 and CM6) or to the
original amount of catalyst residue (for C3 and C6), and thereby the wt% of CNxNTs
or CNxMag in composites can be known, it would be extremely imprecise to recalculate
their wt% in the composites through these MR% values.
Table 3.9: Composite’s residual mass (MR%) and maximal degradation rates (Tm)
of the three major degradation steps observed in the TGA curves
Scaffold C3 CM3 C6 CM6
Tm 200−400, ◦C 331 317 332 317
Tm 400−500, ◦C 422 498 412 493
Tm 500−700, ◦C 544 599 534 590
MR% 0.009 0.66 0.27 1.3
Nevertheless, SEM images allow us to assume that in all cases, scaffolds are totally
infiltrated by the resin. Thus, if the void fraction of scaffolds is completely replaced
by the resin, it implies that the wt% of fillers in composites should be similar than
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the initial 3.4 and 6.7 wt% of CNxNTs and CNxMag in the primary dispersions. In
addition, the increase of volume when water (in primary solutions) is converted into
to ice (in cryogels) and the higher density of the resin (1.12 g · cm−3) when compared
to that of ice, enables to assume that in any case, the wt% of CNxNTs or CNxMag in
composites is lower that in the original dispersions (3.4 wt% for C3 and CM6 or 6.7
wt% for C6 and CM6).
II.3.2 DC-electrical conductivity
DC-conductivity was measured along the longitudinal axis (freezing direction) of each
scaffold composite (Table 3.10). Conductivity increases with the wt% of nanotubes
(CM3 < CM6 and C3 < C6), since there are more charge transporters available
for conduction. In addition, the conductivity of CM6T is glaringly higher than that
of CM6. This confirms that with the thermal treatment of CM6, interconnections
between adjacent CNTs were enhanced, probably due to the partial conversion of CHI
into amorphous carbon.
Conversely, although C3 and C6 have a greater net amount of nanotubes, they present
conductivities around one order of magnitude lower than CM3 and CM6.
Table 3.10: DC-conductivity of CNT-scaffold composites
Scaffold C3 C3M C6 CM6 CM6T
σ
(
S ·m−1) 0.02 0.13 0.31 1.74 7.36
A plausible explanation could be that magnetite nanoparticles favor CNT intercon-
nections at some extent. However, it was observed that the primary dispersions of
decorated CNxCNTs did not show agglomerates, unlike those of non-decorated CNx-
CNTs, which showed poorly disaggregated nanotube bundles.
CNT/polymer composites present a bulk DC-conductivity that is limited by the re-
sistance at the conductor/conductor junctions (Rjct). Given two extreme cases: a) x
number of CNTs with x number of single-tube junctions and b) two rigid bundles of
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x number of CNTs, having only one junction (Figure 3.51), the bulk conductivity will
be limited by the Rjct between single CNTs (a) or the Rjct between bundles (b)
[103].
For two overlapping bundles, the bulk resistance would equal Rjct. Meanwhile, for x
number of tubes with x number of parallel single-tube junctions, the resistance would
be (1/x) Rjct. Thereby, samples containing CNT bundles would present lower conduc-
tivities than those containing well-dispersed CNTs. Therefore, the worst dispersibility
of non-decorated CNxCNTs might be the cause for C3 and C6 showing lower conduc-
tivities than CM3 and CM6.
current
R =  R
jct
R = (1/x) R
jct
a) b)
Figure 3.51: Schematic illustration for explaining the percolative DC-electrical con-
ductivity of CNT/polymer composites with: a) x single-tube junctions and b) two
bundles with one junction [103]
II.3.3 Magnetic permeability and electric permittivity
Real and imaginary permittivities of all composites are shown in Figure 3.52 a and
b. As previously observed for CNF/polymer composites (section II.2.3), both systems
(with magnetite-decorated and non-decorated CNTs) present higher ′ and ′′ when the
load of CNTs increases. In the case of ′ this is a direct consequence of a higher number
of interfaces prompt to polarization (Maxwell–Wagner–Sillars effect). For ′′, it is due
to the reduction of the average distance between adjacent CNTs, which in turn implies
higher dielectric and ohmic losses. Therefore, the ′′ tendency is in well agreement with
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the DC-conductivity of samples. In addition, slopes of the double logarithmic plots
in Figure 3.52 c, reveal how σ′ presents a more capacitive-like behavior (for samples
with lower CNxNTs wt%: C3 and CM3), which start to change to a more resistive
comportment when the wt% of CNxNTs increases (C6 and CM6).
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Figure 3.52: a) Real permittivity (′), (b) imaginary permittivity (′′) of the com-
posite’s scaffolds and (c) double logarithmic plots of the AC-conductivity vs. fre-
quency
However, none of the samples presents a purely resistive response and in addition, it
is difficult to discern if magnetite-containing samples show stronger dielectric losses
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(higher ′′ and σ′) than their non-decorated analogues, due enhanced interfacial po-
larization or due to the higher DC-conductivity (ohmic loss) that they present. In
addition, CM6T presents both higher ohmic and dielectric losses than CM6, which
might be a consequence of replacing the dielectric polymer within CNTs by a more
lossy material (amorphous carbon).
When comparing composites with equal wt%, it can be seen that, although samples
containing magnetite (CM3 and CM6) are substantially more conductive, they present
very similar ′ values than C3 and C6, respectively. C3 and C6 have a higher net
amount of CNxNTs, which could imply an enhanced polarization degree, however these
samples showed strong CNT agglomeration, which is in detriment of polarization. CM3
and CM6 yet have the contribution of a significant amount of polarizable interfaces,
since magnetite nanoparticles are decorating the surface of CNxNTs. Therefore, similar
′ values suggests that scaffold’s structure, which is the only common feature between
C3 and CM3 or C6 and CM6, might prevail over the rest of factors affecting the value
of ′ in composites.
The dielectric behavior found in aerogels and foams, might be extended to that of
CNT-scaffolds due to their high porosity. Aerogels present high volume fractions of
void areas, hence their effective permittivity (eff ) is limited to the low dielectric
constant of air within their structure [104]. Although there are several factors alter-
ing the effective permittivity of composites, it has been corroborated that almost all
phase combinations, geometries and distributions, are circumscribed between the less
restrictive limits (Wiener bounds), which are given by [105]:
eff,max = Φ11 + Φ22 (3.9)
eff,min =
(
Φ1
1
+
Φ2
2
)−1
(3.10)
Where Φ represents the volume fraction,  the permittivity and the subscript numbers
correspond to each of the two constituents of the composite. For materials containing
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high volume fractions of components with low permittivity, the effective permittivity
should lay somewhere close to the lowest bound (equation (3.10)) but obviously re-
stricted by the intrinsic permittivity of the filler [106]. Since during the preparation
of scaffolds CNTs have been forced to occupy only certain small volumes (densities
< 0.07 g · cm−3), the dielectric constant of composites (′) could be restraint by the
low dielectric constant of the polymer.
Besides, the volume occupied by the polymer is much higher than that occupied by
CNTs. Both factors could limit polarization processes in our scaffold composites,
hence an enhanced dielectric loss together with a low dielectric constant value. This
hypothesis could contribute to justify the small variation of ′ between scaffolds having
the same wt% of either CNxNTs or CNxMag, despite the higher electrical conductivity
and dielectric loss of samples containing CNxMag (CM3 and CM6). Indeed, CM3 and
CM6 present higher loss tangents (′′/′ ratio) than C3 and C6, respectively, as shown
in Figure 3.53. In the case of CM3, ′′/′ is even higher than that of C6.
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Figure 3.53: Dielectric loss tangent (tan δE = 
′′/′) of the CNT scaffold composites
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Both CM3 and CM6 scaffolds presented higher void fractions than their non-decorated
analogues (see section I.3.2) and in composites this could be traduced in a higher
volume fraction of infiltrated polymer. Thereby, the higher loss tangent of CM3 and
CM6 might be taken as a further proof of the limiting effect that low loads of highly
interconnected CNTs have in the effective permittivity of composites.
In the case of the thermally treated sample (CM6T), there is an obvious increment
in the low-frequency ′ value when compared to CM6, suggesting that the polymeric
binder (CHI) in the immediacy of CNTs has indeed been replaced by a higher dielectric
constant material such as carbon. This change would involve a higher polarization
at the capacitive regions, and would increase the magnitude of ′, especially at low
frequencies, where dipoles are strongly influenced by the alternating field.
With regard to the magnetic permeability, as shown in Figure 3.54, both real and
imaginary components of are close to one and zero, respectively, for all composites.
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Figure 3.54: Complex permeability of the magnetite decorated CNT and pristine
CNT scaffold composites: C3 (), CM3 (), C6 (), CM6() and CM6T(•). The
symbols of the imaginary components correspond to the ones listed for the real part
but as open symbols
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However, in samples containing the highest magnetite amounts (CM6 and CM6T), µ′
and µ′′ present certain frequency dependence. It might be possible that the template
role of CNxNTs enables magnetite particles to growth closely packed enough to each
other to favor certain magnetic loss between them, although further understanding is
needed to interpret this observation.
II.3.4 Shielding efficiency
Figure 3.55 shows the total SE (SET ) of all scaffold’s composites over 1 to 18 GHz.
Once the incident electromagnetic wave enters into the material, enhanced electrical
conduction implicates a better dissipation of energy across sample. Then, in well
agreement with both the DC-conductivity and the dielectric loss (′′) observations,
SET is enhanced with the CNT concentration (C3 < C6 and CM3 < CM6), it is
higher for magnetite-containing samples (C3 < C3M and C6 < CM6), it is higher for
CM6T than for CM6, and it is enhanced with frequency in all cases.
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Figure 3.55: Total shielding efficiency (SET ) of the magnetite-decorated CNT
(CM3, CM6 and CM6T) and pristine CNT (C3 and C6) scaffold composites
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Contributions of absorption and reflection to the total SE are shown in Figure 3.56.
SER has non-negligible values only at low frequencies, where samples are electromag-
netically thin. SEA in contrast, increases with frequency for all samples, almost at the
same extent than SET , suggesting absorption is the main EM dissipation mechanism
within all composites. Except for the C3 composite, all SEA magnitudes are compa-
rable or higher than 20 dB for frequencies above 10 GHz, emphasizing that samples
are able to block EM energy efficiently. Specially in the case of CM6T, the SEA is
beyond 20 dB for almost all frequencies, which infers that this sample starts to be
electromagnetically thick at lower frequencies than the rest.
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Figure 3.56: (a)Absorption (SEA) and (b) reflection (SER) shielding efficiency of
the magnetite-decorated CNT (CM3, CM6 and CM6T) and pristine CNT (C3 and
C6) scaffold composites
Concerning magnetite containing samples, it is difficult to discriminate if the enhanced
SEs of C3M and CM6 arise from the presence and the magnetic character of the par-
ticles, or from the enhanced conductivity of composites. Nevertheless, it is significant
154
Chapter 3. Results & Discussion. Part II
that CM3 presents a SEA comparable to that of C6, if not higher, given that CM3 is
less conductive and showed less dielectric loss than C6.
II.3.5 Power balance: reflectivity
Results of the power balance of the scaffold composites are shown in Figure 3.58 and
Figure 3.57. In consistency with SE results, the transmitted power is low for all
materials and especially at high frequencies. Samples containing higher CNT loads
are more reflective (enhanced PR, C3 < CM3 and C6 < CM6) as a consequence
of a higher electrical conductivity. Therefore, PA decreases with increasing the CNT
content, due to the lower amount of power transmitted inside the sample available for
absorption. Power blocked by absorption is higher than that blocked by reflection for
all materials above 5 GHz, except for CM6T. In this latter case, the conductivity (7.36
S ·m−1) might be high enough for being predominantly reflective. In contrast, for the
rest of composites, PR < PA suggests all materials present limited reflectivity despite
being reasonably conductive (C3M and CM6).
This limited reflectivity might also be ascribed to the effect of the structure of scaf-
folds. Reflectivity depends on the impedance mismatch at the propagating medium
(air)/shield interface [107] , and Zin (composites’ input impedance) is inversely propor-
tional to the effective complex permittivity of composites. Therefore, the impedance
mismatch might be reduced whenever the effective  is reduced [108]. As  accounts for
the contributions of both ′ and ′′, limited reflectivity of conductive samples (high
′′) could be only ascribed to the dielectric constant matrix (low) in the global ′ of
composites. A low global ′ could decrease the effective permittivity of composites
without sacrificing their dielectric loss (′′). This could justify the similar reflectivity
of C3 and CM3 or C6 and CM6, in despite that CM3 and CM6 are more conductive
than C3 and C6, respectively.
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Figure 3.57: Power balance showing the power blocked by absorption (PA, blue)
and by refection (PR, black) and the transmitted power (PT , red) of composites: a)
C3 b) C6
Another factor that should be considered in future investigations, and might also con-
tribute to reduce the impedance mismatch of all samples, is the anisotropic conduc-
tivity. Measurements are done along the longitudinal axis of scaffolds (lengthwise to
channels) and thus, low reflectivity could be additionally addressed to the low portion
of conductive material that is exposed to the impinging EM wave at the first incident
plane. Conversely, the smallest dimension that defines the open cellular-like polymer/-
conductor surface (elongated, 20-30 µm wide pores) is far smaller than the incident
wavelength. Thereby, we are not sure on how this type of non-regular conductivity
affects the way that incident EM waves interact with the surface of composites.
Although magnetically permeable inclusions might also contribute to decrease the
impedance mismatch of conductive composites, neither the real nor the imaginary
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Figure 3.58: Power balance showing the power blocked by absorption (PA, blue)
and by refection (PR, black) and the transmitted power (PT , red) of composites: a)
CM3 b) CM6 and c) CM6T
part of the permeability of CM3 and CM6 (magnetite-containing samples) showed re-
markable differences in comparison to C3 and C6 (Figure 3.54). This indicates that the
composites’ interaction with the EM field is mainly electric, in consistency with most
reported works having only conductive, or both conductive and magnetic nanoinclu-
sions. However, for samples containing the highest quantity of magnetite nanoparticles
(CM6 and CM6T) it was observed a slight dependency of both µ′ and µ′′ with frequency
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and in addition CM3 presented a SEA comparable or higher than that of C6. Further
research and understanding may be needed in order to give a plausible explanation to
these observations.
Concerning absorption, CM3 and CM6 present more constant and higher average PA
values than those of their non-decorated analogues. Furthermore, for C3 and C6
reflection is predominant below 5 GHz and for magnetite-containing samples (CM3
and CM6) reflection dominates only below 3.6 GHz.
From all the above observations it is suggested that composites containing magnetite
(CM3 and CM6) boost the wave entrance within their structures in a very similar
extent than their C3 and C6 analogues, in despite of being more conductive. Once
inside the composite, EM waves are dissipated in a higher extent in CM3 and CM6
composites, due to their higher dielectric and ohmic losses.
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II.4 CNT-SPONGES
When the distance between adjacent CNTs decreases, the dissipation of EM energy
within the composite is favored. Since in CNT/polymer composites the matrix com-
pletely embeds the percolating network, the potential barrier of conduction will be
always limited by the CNT/polymer/CNT interfaces.
To analyze the effects of further enhancing CNT/CNT interactions, flexible and tough
CNT-sponges were synthesized through a one-pot CVD procedure. Sponges are com-
posed solely by randomly interconnected CNTs, without any polymer binder. In ad-
dition, they are ultra-light: their density is as low as 0.02 g · cm−3. The EMI shielding
properties of these CNT-sponges are described in this section.
II.4.1 DC-electrical conductivity
The DC-electrical conductivity of CNT-sponges was measured to evaluate the bulk
electrical isotropy of samples and to discern the interconnectivity degree between ad-
jacent CNTs. I-V plots for the three cross sections of cubic samples (length, width and
thickness), are shown in Figure 3.59. The mean electrical conductivity was 278 ± 18
S · m−1, in accordance with the reported values of CNT-sponges synthesized under
similar conditions [30].
In addition, it can be seen that the resistance along the three cross sections is very
similar, which proves that sponges do not have any preferential spatial orientation, as
confirmed by SEM images presented on previous sections.
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Figure 3.59: a) V-I plots for the three faces of CNT-sponge. From the slopes an
average conductivity value of 278± 18 S ·m−1 was obtained
II.4.2 Shielding efficiency
Evaluation of SET of the CNT-sponges yields values that depend on the sponge thick-
ness (d). SET values for the 2.38 mm thick CNT-sponge slab (Figure 3.60) corre-
spond to 22 dB in almost the entire frequency window (2-18 GHz), being absorption
the dominant attenuation mechanism and no difference was observed with the sponge
face-orientation.
Since the synthesized CNT-sponges possess extremely low densities, comparisons with
other lightweight EMI shields should be addressed using the specific shielding efficiency
(SEE), which is given in dBcm3 ·g−1. The SEE for CNT-sponges reach values ranging
between 550 (for the 1.56 mm thick slab) and 1100 dBcm3 ·g−1 (for the 2.38 mm thick
slab), which are higher than those reported for a number of systems, as shown in
Table 3.11.
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Figure 3.60: Contribution of absorption (SEA) and reflection (SER) to the total
EMI shielding efficiency (SSET ) as a function of frequency for a CNT-sponge slab
of 2.38 mm (left). absorption shielding efficiency (SEA) for CNT-sponge slabs with
different thickness (right)
Table 3.11: Specific shielding efficiency of reported carbon composites
System SEE, dBcm3 · g−1 Ref
CNT/polycaprolactone 324 [108]
CNT/polystyrene 33.1 [109]
graphene/PDMS 330 [110]
carbon foam decorated with MWCNTs 163 [111]
graphene/polyetherimide 44.1 [112]
graphene/polystyrene 64.4 [113]
commercial carbon foams 147-176 [114]
CNT-sponge (present work) 1100
II.4.3 Enhanced conductivity implications
The balance of absolute powers (PA = PI − PT − PR, PI = 1 mW ) for the 2.38 mm-
thick CNT-sponge slab is shown in Figure 3.61. The most important feature is that PI
is null for all frequencies, which validates the CNT-sponge as an effective GHz-EMI
shielding material. However, it can be seen that for all measured frequencies, power
blocked by reflection is higher than that by absorption.
Although some authors have concluded from similar observations that reflection was
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Figure 3.61: Power balance of the 2.38 mm thick CNT-sponge slab showing the
absolute reflected (PR), absorbed (PA) and transmitted (PT ) powers
the main shielding mechanism [115,116], it merely implies that due to the high electri-
cal conductivity of the sample, reflection at the input interface is strong. For this
slab thickness (2.38 mm), reflection from the output interface can be neglected at all
frequencies because the calculated skin depth, (δ) even at 1 GHz (considering the
DC-conductivity of 278 S · m−1), is 1 mm. In this situation the SE of the material
arises from absorption and reflection mechanisms within the surface (δ), where the
shield mostly interacts with the incident EM wave.
Indeed, as shown in Figure 3.62, the CNT-sponge behaves as monolithic conductive
shield. SEA is enhanced when thickness increases, since it is proportional to the ratio
of d/δ. Meanwhile, SER increases strongly for the thinner slab (d < δ) and for the
rest of thicknesses, it tends to converge at 4-5 dB above 10 GHz (d > δ). This implies
that the active cross section for shielding is being reduced with frequency, at the same
extent than the skin depth.
When analyzing the relative complex permittivity (Figure 3.63), the confirmation that
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Figure 3.62: SEA and SER for different CNT-sponge slab thichnesses
the CNT-network exhibits a high connectivity degree is seen in the dielectric loss (′′)
at the mid-low frequency range. ′′ is higher than the real permittivity, which indicates
that ohmic losses are predominant in the sample. In contrary to most CNT-polymer
with high electrical conductivity, resistive loss dominates because the conductive paths
lack from capacitive barriers.
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Figure 3.63: Complex permittivity of the CNT-sponge
However, at higher frequencies ′′ decreases sharply to lower values than those that
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one would expect for a nanocomposite in which the DC-conductivity is 278 S ·m−1.
This effect has been previously observed and has been addressed to direct reflection
of incident EM waves at the surface of conductive nanocomposites [116,117]. Given the
limited penetration of incident EM waves, the measured value of imaginary permit-
tivity (or AC-conductivity: σ′ = 2pif′′) would be also affected by the skin effect and
accordingly, should decrease with frequency. In addition, the presence of peaks in the
permittivity profiles has been attributed to resonances occurring as a consequence of
a significant skin effect in highly conductive samples [118,119]. For the CNT-sponge the
real permittivity presents two broad peaks around 10 and 14 GHz while the imaginary
permittivity shows a valley at 14.3 GHz. These observations might suggest that the
conductivity of the sample is high enough for observing the influence of the skin effect
on its dielectric properties.
With regard to the real permittivity, it presents low values along all the swept fre-
quencies, which is noteworthy for a material composed of highly conductive CNT
percolating networks. The CNT-sponge is extremely lightweight, which indicates that
it has a high volume fraction of air. In accordance, the effective complex permittivity
of this material should be governed, at least partially, by the low dielectric constant
matrix (air) filling the gaps between CNT networks [105]. However, due to the enhanced
electrical conductivity of the sponge, it appears that the effect of the low dielectric con-
stant matrix cannot counteract the effect of the strong ohmic losses, as evidenced by
the high reflectivity of the sample (PR > PA).
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II.5 SUMMARY
• Epoxy composites prepared with micrometric ferrite-silica particles, annealed at 700
and 900 ◦C, showed homogeneous distributions and enhanced thermal properties. The
high surface area of the ferrite-silica inclusions might be responsible of strengthening
the interactions at the filler-matrix interface. The methodology that was employed for
the preparation of composites provides an efficient route to disperse nanoparticles in
polymers by simple mechanical mixing. However, the EMI SE of these composites did
not show any remarkable feature. It was seen that neither absorption nor reflection,
had a strong dependence on the magnetic character of the nanoparticles. It is suggested
that composites with higher concentrations of ferrite-silica particles than those used
in this work (maximal: 25 wt%) are needed for enhancing the magnetic permeability,
permittivity and EMI SE of composites. The preparation protocol could be extended to
other epoxy formulations having less density and fewer limitations for the incorporation
of higher ferrite-silica loads.
• CNFs and Magnetite/CNFs (CNF/Mag) were properly dispersed in an epoxy resin
to yield composites with conductivity values of up to 0.3 S ·m−1. Both type of fillers
presented a similar percolation thresholds, indicating that the magnetite nanoparticles
adsorbed over the surface of CNFs do not appreciably alter the dispersion process
of CNFs. DC conductivity measurements suggest that the gap width for electrical
conduction does not vary when nanoparticles are present, although it seems they might
reduce the contact area between CNFs.
The increment of permittivity with the wt% of both type of fillers, and the low magnetic
permeability (µ′ ≈ 1 and µ′′ ≈ 0) found in all cases, indicate that composites interact
mainly with the electric portion of the incident EM energy. It is suggested that the
presence of magnetite nanoparticles over the CNFs is responsible of an enhanced in-
terfacial polarization process. As the CNF/Mag load increases, there are more charges
prompt to polarization at the numerous magnetite-CNF interfaces. When in contact
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with CNFs, magnetite nanoparticles seem to show a synergistic influence on the ef-
fective permittivity and SE of composites. CNF/Mag composites showed higher SEs
than composites containing only CNFs. Appropriate conductivity, in addition to the
dielectric synergism between CNFs and magnetite nanoparticles, provides composites
with enhanced absorption SEs.
• Highly percolating nanocomposites have been prepared by infiltration of hierarchi-
cally assembled CNT-scaffolds. Upon infiltration, all composites preserved the original
skeleton of CNTs and showed remarkable electrical conductivities (from 0.08 to 7.36
S ·m−1). The conductivity of samples containing magnetite decorated CNxNTs was
consistently higher than that of composites prepared with non-decorated CNxNTs
having the same wt%, even if these latter had lower net proportions of CNTs. These
differences were attributed to the better dispersion of CNxMag nanotubes in the pri-
mary aqueous solutions. In addition, the conductivity could be conveniently enhanced
without increasing the wt% of CNTs by converting the polymeric binder of scaffolds
into carbon.
The dielectric loss (′′) increased in all composites with the CNT load and ′′ was higher
for samples containing magnetite decorated CNxNTs. The dielectric constants varied
only slightly between composites with large dielectric loss differences. This has been
partly attributed to the high porosity of scaffolds, which in composites implies a high
volume fraction of a low dielectric constant polymer. Composites presented high SEs
(> 20 dB above 9 GHz) and absorption was the main contribution in all cases (> 20
dB above 10 GHz). Besides, up to a conductivity of 1.74 S ·m−1 composites showed
a limited reflectivity (PA > PR), which suggests that EM waves are able to penetrate
into the samples for then been strongly dissipated.
• An ultra-light and flexible CNT sponge (density ≤ 0.02 g · cm−3) has been found to
serve as a high performance EMI shielding material. Due to its extreme lightweight,
the specific SE of the CNT-sponge was found to be as high as 1100 dBcm3 · g−1,
having a total SE above 20 dB in the whole 1-18 GHz range, and being able to shield
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by absorption (SEA > SER). To the best of our knowledge this SEE value appears
to be the highest reported hitherto. Indeed, the synthesis and properties of CNT-
sponges have been described in detail in some early published works [54,55], although
they have never been studied as EMI shields. Only denser epoxy composites filled with
analogously synthesized CNTs have been evaluated and found efficient as wide-band
microwave absorbers [10].
Concerning absorption, efficient EM absorbers should fulfill the antagonistic require-
ments of being low reflective and highly absorptive, which our CNT-sponges do not
fully satisfy. The sponges’ net EMI absorption ability is strongly remarkable, but their
high electrical conductivity (278 Sm−1) favors incident EM waves to reflect at the
input interface. Therefore, CNT sponges would have a great potential for microwave-
absorbing applications if combined in a multilayer structure that could prevent reflec-
tion.
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Conclusions & future perspectives
Composites with conductive and magnetic nanoparticles have been prepared through
a variety of strategies and have been tested as EMI shields. The proper assortment
of electrical conductivity, permittivity and magnetic permeability allows preparing
composites with tailored EM characteristics.
Nanoferrites can be synthesized within mesoporous silica microparticles (template)
and their morphology can be controlled by means of the template constraint and the
annealing temperature. Epoxy composites prepared through the incorporation of the
silica-ferrite hybrids showed homogeneous reinforcement dispersions, implying a good
dispersion of the nanoparticles as well. However, self-supported EMI shielding materi-
als could not be obtained through composites containing solely magnetic nanoparticles.
The SE of these composites did not show any remarkable feature. It was seen that
neither absorption nor reflection had a strong dependence on the magnetic character
of the nanoparticles. It is thus concluded that composites with higher concentrations
of magnetic nanoinclusions than those herein reported might be needed in order to
have materials with enhanced magnetic permeability, permittivity and EMI SE.
Conductive hybrids of CNFs and magnetite nanoparticles can be prepared by sim-
ply placing both components in a non-polar solvent. Composites prepared with ei-
ther CNFs or CNF/Mag showed homogeneous reinforcement dispersions, although the
maximum conductivity that could be reached was ∼ 0.3 S · m−1 (10 wt%). When
combined with magnetic nanoparticles, composites presented higher absorption coeffi-
cients (13 dB · cm−1) than those of composites containing only CNFs (10 dB · cm−1).
This effect was attributed to interfacial polarization, since when nanoparticles are in-
troduced within the conductive fibers there is a greater number of boundaries and
interfaces prone to polarization. In consequence it is concluded that this mechanisms
contributes to dissipate or absorb EM waves within conductive composites.
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Anisotropic scaffolds of CNxCNTs and magnetite-decorated CNxCNTs can be pre-
pared by freeze-drying (uniaxially) aqueous dispersions of these CNTs and a polymeric
binder. Scaffolds presented densities lower than 0.07 g · cm−3, which indicates that
the original amount of nanotubes (< 6 wt%) forms a percolating network through a
large macroscopic volume. In contrast to CNF-epoxy composites prepared by regular
blending, infiltration of CNT-scaffolds yielded composites with superior conductivities
(from 0.08 to 7.36 S · m−1). This can be attributed to the better interconnectivity
between CNTs, since they have been brought closer during the formation of scaffolds;
although CNTs are embedded within the polymeric binder, they are forced to form
contacts. Favoring CNT interconnectivity enhances the SE (> 20 dB above 9 GHz),
which in combination with limited CNT loads and a proper conductivity (∼1 S ·m−1)
seems to enhance the absorption of composites (≥ 20 dB above 10 GHz), without
increasing their front-face reflectivity (PA > PR). As reflection occurs due to the
impedance mismatch, and increases with the effective permittivity, limited reflectivi-
ties were attributed to: a) the enhanced interconnectivity between adjacent CNTs in
scaffolds, which favors the dissipation of energy through ohmic losses rather than by
dielectric means; b) the high volume fraction of polymer (low ′) and the low CNT
loads that scaffold composites present.
Flexible and mechanically robust CNT-sponges can be synthesized through CVD.
Through the optimal conditions, isotropic sponges of at least 2.8 mm in thickness
could be obtained. Despite their lightweight (0.02 g · cm−3) CNT-sponges showed
higher conductivities than the rest of materials (ca. to 278 S · m−1), due to their
superior CNT interconnectivity. As it was seen in the case of CNT-scaffolds, through
the appropriate microstructure it seems feasible to tune the reflectivity of conductive
nanocomposites. However, front-face reflectivity could be restricted only up to a cer-
tain conductivity or permittivity value. Although CNT-sponges have a specific SE as
high as 1100 dBcm3g−1, and a constant SE above 20 dB between 1 and 18 GHz, their
high electrical conductivity favors the wave to reflect at the input interface (PA < PR).
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Results verify the wide variety of options that polymer composites with magnetic
nanoparticles and nanocarbons can offer depending upon the final shielding application
in which they might be needed.
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In most magnetic nanocomposites permeability is small, since the effective perme-
ability of composites is strongly dependent on the volume fraction [1]. Therefore, the
limited concentrations that are feasible for nanoinclusions have been pointed out to
be responsible of the low magnitude of permeability [2]. Due to this limitation, most
reported results are focused on using magnetic nanocomposites as quarter wave-thick
microwave absorbers (Dallenbach layers) [3]. The aim in such case is to achieve zero
reflections with a coating of minimum thickness when applied over a metal substrate.
Composites prepared in this work were intended to serve as self-supported EMI sup-
pressors and not as quarter wave-thick shields therefore, shielding has been evaluated
by means of the SE. However, since the shielding performance of composites having
only magnetic nanoparticles is normally reported in terms of the reflection loss (RL),
it has been considered important to explain the fundamental theory of such evaluation
method.
Total impedance matching, or zero-reflection, is achieved when the input impedance
(Zin) equals the impedance of free space (Z0), as given by
[4]:
Zin =
√
µr
r
tanh
[
j
2pi
c
√
µrrfd
]
= z0 (A.1)
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where d, µr and r are the thickness, the relatively permeability and the relatively
permittivity of the coating layer respectively; c = 3 ·10−8 m ·s−1 and f is the frequency
of the electromagnetic wave. The reflection loss (RL) of the incident electromagnetic
wave normal to the metal-backed absorber can be expressed as:
RL (dB) = 20 log
∣∣∣∣Zin − 1Zin + 1
∣∣∣∣ (A.2)
For microwave absorption, the RL should be as negative as possible. Nevertheless, a
RL of less than -20 dB is normally considered as an acceptable shielding threshold, at
which Zin and Z0 can be said to be matched
[5]. In order to satisfy this condition with
a coating layer of minimum thickness, both µr and r can be manipulated.
In magnetic composites, there exists a complex interplay between both magnitudes [6].
In a variety of systems that rendered poor absorption with only magnetic nanoparticles,
the increase of permittivity with core/shell structures improved their absorption due to
additional interfacial polarization contributions. Some examples include Fe nanoflakes
coated with SiO2
[7], Al2O3-coated FeNi3 nanoparticles
[8], ZnO-coated Fe nanocap-
sules [9], or Co/graphite nanoparticles [10]. Particularly interesting are some works in
which this effect is evidenced with varying the thickness of the shell, its chemical na-
ture or by adding new shells to the structure. For example the case of microspheres
with Fe3O4@SiO2 yolks and SnO2 shells (Figure A.1)
[11]. The permittivity increased
when Fe3O4@SiO2 microspheres were coated with an additional SiO2 shell, and then
entrapped with a SnO2 layer, forming the yolk-shell structure. The RL of composites
prepared with these particles increased in the same manner as permittivity, reaching
values of up to -30 dB for slab thicknesses of only 2 mm, as shown in Figure A.1.
Spinel Fe3O4 cores with Anatase-TiO2 shells were also studied in another work, re-
garding the size of both the magnetic cores and the dielectric shells [11]. It was found
that the maximum RL (-23.3 dB) was obtained at 7 GHz with the particles with
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Figure A.1: Frequency dependence of real and imaginary parts of complex per-
mittivity and permeability of the EP composites containing Fe3O4 particles (a),
Fe3O4@SiO2 microspheres (b), single-shelled Fe3O4@SiO2 yolk-shell microspheres
(c), and double-shelled Fe3O4@SiO2 yolk-shell microspheres (d-f) with varying inter-
shell distances. The representative SEM image on the right shows the microstructure
of the yolk-shell nanoparticles [11]
the biggest cores (150 nm) and the thickener shells (150 nm), which showed also the
highest permeability and permittivity values.
Recently a wide variety of core/shell nanoparticles (Fe/SiO2, Ni/SiO2, Fe/B2O3,
Ni/B2O3, Fe/Al2O3, Fe/MnO2, Fe/Y2O3, Fe/CeO2, and Fe/La2O3) were success-
fully synthesized by a one-pot arc discharge method [12]. Owing to the variability of the
particles’ permeability and permittivity, composites prepared through their incorpo-
ration could provide high RL with limited slab thicknesses (1.46-5 mm) in practically
all the S-Ku microwave bands (Figure A.2).
In all these examples, the ability of absorption depends on the best matching thickness
(tm) or, in analogy, to the matching frequency (fm), which for magnetic and codielectric
materials are respectively related to the magnetic loss (µ′′) and to the dielectric loss
(′′) by [12,13]:
µ′′ =
c
2pifmd
(A.3)
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Figure A.2: Microwave RL of Fe/SiO2 and Ni/SiO2 and their corresponding SEM
images showing the core-shell structure [12]
′′ =
c
2pifmd
(A.4)
where c is the speed of light in vacuum and d is the thickness of the shield. Therefore
µ′′ and ′′, together with the thickness of the slab, can be adjusted to satisfy the best
matching conditions and hence minimize reflection.
192
Appendix A.
Bibliography
[1] V. Sunny, P. Kurian, P. Mohanan, P. Joy, and M. Anantharaman. A flexible
microwave absorber based on nickel ferrite nanocomposite. J. Alloy. Compd.,
489(1),297–303, 2010.
[2] A. N. Lagarkov and K. N. Rozanov. High-frequency behavior of magnetic com-
posites. J. Magn. Magn. Mater., 321(14),2082–2092, 2009.
[3] X. C. Tong. Advanced materials and design for electromagnetic interference shield-
ing. CRC Press, 2009.
[4] H. S. Cho. M-Hexaferrites with planar magnetic anisotropy and their application
to high-frequency microwave absorbers. IEEE Trans. Magn., 35(5),3151–3153,
1999.
[5] L. Deng and M. Han. Microwave absorbing performances of multiwalled carbon
nanotube composites with negative permeability. Appl. Phys. Lett., 91(2),023119,
2007.
[6] X. F. Zhang, P. F. Guan, and X. L. Dong. Transform between the permeability and
permittivity in the close-packed Ni nanoparticles. Appl. Phys. Lett., 97(3),033107,
2010.
[7] L. Yan, J. Wang, X. Han, Y. Ren, Q. Liu, and F. Li. Enhanced microwave
absorption of Fe nanoflakes after coating with SiO2 nanoshell. Nanotechnol.,
21(9),095708, 2010.
[8] W. Liu, W. Zhong, H. Y. Jiang, N. J. Tang, X. L. Wu, and W. Y. Du. Synthesis
and magnetic properties of FeNi3/Al2O3 core-shell nanocomposites. Eur. Phys.
J. B, 46(4),471–474, 2005.
193
Appendix A.
[9] X. G. Liu, D. Y. Geng, H. Meng, P. J. Shang, and Z. D. Zhang. Microwave-
absorption properties of ZnO-coated iron nanocapsules. Appl. Phys. Lett.,
92(17),173117, 2008.
[10] X. F. Zhang, P. F. Guan, and X. L. Dong. Multidielectric polarizations in the
core/shell Co/graphite nanoparticles. Appl. Phys. Lett., 96(22),223111–223114,
2010.
[11] J. Liu, J. Cheng, R. Che, J. Xu, M. Liu, and Z. Liu. Double-shelled yolk–shell
microspheres with Fe3O4 cores and SnO2 double shells as high-performance mi-
crowave absorbers. J. Phys. Chem. C, 117(1),489–495, 2013.
[12] X. F. Zhang, H. Huang, and X. L. Dong. Core/shell metal/heterogeneous oxide
nanocapsules: the empirical formation law and tunable electromagnetic losses. J.
Phys. Chem. C, 117(16),8563–8569, 2013.
[13] F. Qin and C. Brosseau. A review and analysis of microwave absorption in polymer
composites filled with carbonaceous particles. J. Appl. Phys., 111(6),061301, 2012.
194





